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habe und die mir geholfen haben, diese Arbeit abzuschließen.




The bond between concrete and reinforcing steel is fundamental to the load bearing capacity
of reinforced concrete structures. It has been investigated intensively under static conditions.
By contrast, comparably little attention has been paid to the investigation of bond behaviour
under dynamic loading. Several experimental studies indicate strength or rather resistance
enhancements coming with increasingly dynamic loading. This applies for concrete and steel
as well as the bond between them. The phenomenon is known as strain rate or rather loading
rate effect. To date still not enough investigations have been undertaken to assess its causes
with certainty.
The work presented herein provides a numerical view of the bond of reinforcement in concrete
and investigates its loading rate dependent behaviour. Finite element analyses focusing on
structural and inertia effects are carried out. The contribution of material effects to strength
or rather resistance enhancements is of rather secondary interest. Modelling is conducted at
the rib scale, where bond is predominately controlled by mechanical interaction. By contrast,
most numerical approaches adopted so far captured bond phenomenologically with the use
of empirically determined bond stress-slip relationships.
In the first step, the model was developed and calibrated. Its quality, credibility, and limi-
tations were assessed by a series of numerical case studies. The results were compared with
available experimental data, insights into the inner local specimen state were provided, and
recommendations on applicable bond stress-slip evaluation methods given. The interplay
of numerical and analytical methods was exemplified and guidelines for optimising experi-
mental set-up designs were developed. Numerical parametric studies followed. The loading
rate dependence of bond was featured, loading rate dependent characteristics were identified,
and conclusions on causes of the phenomenon drawn. It was shown that structural effects are
strongly involved in the loading rate effect. The same holds for hydrostatic pressure stress
states and inertia effects. Not only the bond strength but also the bond stiffness, the en-
ergy absorption capacity, and the specimen failure mode were found loading rate dependent.
Under high loading rates, the load got introduced into the specimen faster than the cracks
could propagate inside the concrete. Multiple cracking was the result and was increasingly
observed the higher the loading rates got.
Examination of the influence of concrete inhomogeneity on the loading rate dependent be-
haviour of bond was also undertaken. The model was modified and random distribution fields
were implemented. The higher the loading rate was, the more pronounced the scattering of
data was found. This implicates that a larger number of tests is necessary to provide an
adequate statistical basis for results achieved under dynamic loading as compared to static
loading.
The thesis concluded in reviewing currently available methods for incorporating the results
into simulations of whole reinforced concrete structures. Further investigations and develop-
ments are necessary in order to design dynamic loading-resistant structures with the use of




Der Verbund zwischen Beton und Bewehrungsstahl ist von großer Bedeutung für die Trag-
fähigkeit von Stahlbetonkonstruktionen. Er wurde unter statischen Bedingungen bereits in-
tensiv untersucht. Vergleichsweise wenig erforscht ist hingegen das Verbundverhalten unter
dynamischer Belastung. Mehrere experimentelle Studien deuten daraufhin, dass mit zu-
nehmend dynamischer Belastung eine Erhöhung der Festigkeit bzw. des Widerstandes ein-
hergeht. Dies gilt sowohl für Beton und Stahl als auch für den Verbund zwischen ihnen. Das
Phänomen ist als Dehnraten- bzw. Belastungsrateneffekt bekannt. Bis heute liegen nicht
genügend Untersuchungen zu einer abschließenden Bewertung seiner Ursachen vor.
Die vorliegende Arbeit untersucht das belastungsratenabhängige Verbundverhalten zwischen
Beton und Bewehrungsstahl numerisch. Finite-Elemente-Analysen mit dem Fokus auf struk-
turellen und trägheitsbedingten Effekten werden durchgeführt. Eher im Hintergrund steht
der Beitrag von Materialeffekten an Festigkeits- bzw. Widerstandssteigerungen. Die Mo-
dellierung wird auf Rippenebene realisiert, sodass der Verbund vorwiegend durch die me-
chanische Interaktion zwischen Beton und Bewehrungsstahl zustande kommt. Im Gegensatz
dazu wurde das Verbundverhalten bei den meisten bisher verwendeten Ansätzen durch die
Implementierung empirisch bestimmter Verbundspannungs-Schlupf-Beziehungen phänome-
nologisch berücksichtigt.
Zunächst wurde das Modell entwickelt und kalibriert. Seine Eignung, Plausibilität und Ein-
schränkungen wurden mittels numerischer Fallstudien erfasst. Simulationsergebnisse wurden
mit verfügbaren experimentellen Daten verglichen, Einblicke in den inneren lokalen Zustand
des Probekörpers ermöglicht und Empfehlungen zur Auswertung der Verbundspannungs-
Schlupf-Beziehung gegeben. Das Zusammenspiel numerischer und analytischer Methoden
wurde veranschaulicht und Leitlinien zur Optimierung experimenteller Aufbauten wurden
erarbeitet. Numerische Parameterstudien folgten. Die Abhängigkeit des Verbundverhaltens
von der Belastungsrate wurde dargestellt, belastungsratenabhängige Eigenschaften konnten
identifiziert und Rückschlüsse auf Ursachen des Phänomens gezogen werden. Es wurde
gezeigt, dass der Belastungsrateneffekt maßgeblich von strukturellen Effekten bestimmt wird.
Ebenfalls von Bedeutung sind hydrostatische Spannungszustände und trägheitsbedingte Effekte.
Neben der Verbundfestigkeit erwiesen sich auch die Verbundsteifigkeit, die Energieabsorp-
tionsfähigkeit und die Versagensart des Probekörpers als belastungsratenabhängig. Bei ho-
hen Belastungsraten wurde die Last schneller in den Probekörper eingetragen, als sich Risse
im Beton ausbreiten konnten. Mehrfachrissbildung war die Folge und trat umso stärker auf,
je höher die Belastungsrate war.
Der Einfluss der Betoninhomogenität auf das belastungsratenabhängige Verbundverhalten
wurde ebenfalls untersucht. Das Modell wurde modifiziert und Zufallsfelder wurden im-
plementiert. Je höher die Belastungsrate war, desto ausgeprägter streuten die Ergebnisse.
Dies impliziert, dass unter dynamischer Belastung im Vergleich zu statischer Belastung eine
größere Anzahl an Versuchen für die statistische Absicherung der Ergebnisse notwendig ist.
Abschließend wurden derzeit verfügbare Methoden zur Übertragung der Ergebnisse auf Si-
mulationen gesamter Stahlbetonkonstruktionen bewertet. Es bedarf weiterer Untersuchun-
gen und Entwicklungen, um in Zukunft Bauwerke mittels kommerzieller FE-Programme und
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Reinforced concrete is a composite material obtained from the combination of concrete and
reinforcing steel. It builds on the idea of embedding steel in concrete in a manner such that
concrete resists the compressive stresses of the structure, and steel the tensile ones. The
principle draws on the high compressive strength of concrete while at the same time it com-
pensates for the weak performance of concrete under tension. Since its introduction towards
the end of the nineteenth century, reinforced concrete has revolutionised the construction
industry and evolved to the most widely used material. It finds application in a very broad
range of constructions from buildings and bridges to roads and dams.
The fundamental mode of action of reinforced concrete is provided by the bond between
concrete and reinforcing steel. Bond is consequently one of the most critical aspects to
account for when it comes to securing the overall load bearing capacity of reinforced concrete
structures. In the field of bond investigation, extensive research has been undertaken. Not
only experimental but also analytical and numerical studies have been carried out. A large
number of test executions has been performed on both smooth and ribbed bars, see, e.g.
[127, 1, 56]. In this context, several parameters like the quality of concrete, the concrete cover,
the casting position, the diameter of the reinforcing bar, and the rib geometry have been
examined and were recognised as influential. A number of empirical relations that describe
the bond behaviour based on these tests were proposed, see, e.g. [127, 46], and provided the
basis for existing design codes, see, e.g. fib Model Code 2010 [51]. More recently, empirical
relations were incorporated in numerical analyses and led to the development of the so-called
phenomenological approaches to bond modelling [95, 120, 8].
The majority of these studies focused on the static behaviour of bond, and not much attention
has so far been paid to the investigation of bond under dynamic loading conditions. Thus it
comes, that the design of reinforced concrete structures against dynamic loading scenarios
displays significant deficits. These deficits were recently demonstrated by a growing body of
structural failures during, e.g. terrorist attacks, aeroplane crashes, and rock falls.
Apart from some work undertaken for the needs of earthquake engineering [46], first experi-
mental dynamic investigations on the bond behaviour between concrete and reinforcing steel
were undertaken by, e.g. Hansen and Liepins [62], Hjorth [64], and Vos [162]. Early on, an
increase in strength or rather resistance to failure coming with increasing rates of loading
was recognised. Similar findings have been obtained from separate experimental investiga-
tions of concrete and reinforcing steel. Especially in the field of concrete investigation, this
phenomenon is a significant field of continuing research and widely known as strain rate
effect [2, 15, 102]. Debate continues about the interpretation of the respective experimental
findings since causal factors leading to them remain speculative.
Back on the special field of dynamic bond behaviour investigation, there are several issues
raising questions to the collected data. The amount of available data is not only limited but
also scattered over a very broad range. The results are, furthermore, seldom comparable:
Different research institutions and laboratories usually employ their own experimental set-up
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and imply different geometric, material, and loading conditions. Last but not least, accurate
determination of the dynamic response of specimens is still a challenge as such. Indirect
methods of evaluation combined with the high sensitivity of the measurement technology
often turn the final results into more of an estimate than an accurate recording.
Numerical modelling is not bound to such limitations and can help establish a more sound
relationship between cause and effect. It can be utilised as a powerful tool that complements
experimental studies and contributes to an enhanced understanding of the phenomena.
1.2 AIM AND OBJECTIVE
The work presented herein provides a numerical view of the bond of reinforcement in concrete.
It aims to investigate its loading rate dependent behaviour with the main focus lying on
structural and inertia effects. Material effects are of rather secondary interest. The specific
objectives used to achieve this goal are presented in the following.
In the first step, a numerical model is developed. It accounts for the interaction between
concrete and reinforcing steel and captures phenomena of wave propagation as well as the
effect of inertia. In contrast to most numerical approaches adopted so far, bond is, in
this case, not implemented in the software as an empirical, in advance determined relation
resulting from the calibration on former experimental results, but is achieved due to the
explicit modelling of the main involved physical and chemical effects. This is done in detail
in 3-D, with explicit consideration of the geometry of the rebar ribs and the concrete keys in
between. The advantages of this approach include enriching insights into the local specimen
state and changes occurring in direct connection to varying geometrical, material, and loading
conditions. The quality, credibility, and the limitations of the numerical model are assessed
by comparison with the state of the art knowledge in the field and available experimental
results as well as analytical considerations.
In the second step, the developed model is used as a basis for a series of numerical parametric
studies to extend the perception of the bond behaviour to a wide range of conditions. The
core question of whether and which dependence exists between the bond behaviour and the
rate of applied loading is examined. A parametric study with loading rates ranging between
quasi-static and high dynamic is carried out, and changes in the bond behaviour coming
with the transition from static conditions to dynamic loading are identified.
Given that the hypothesis is proven that strength or rather resistance enhancements arise
with increasing loading rates, further parametric studies follow. Based on the assumption
that the extent of loading rate sensitivity is not fixed but dependent on the respective
calibration of the numerical model, the focus is this time directed towards specific input
parameters which literature identified as influential. Pursued is the identification of relevant
influences from which ideally conclusions on the origin of the strain rate or rather loading
rate effect can be derived.
Lastly, with regard to simulations of whole reinforced concrete structures, currently available
strategies for effectively incorporating the static and dynamic behaviour of bond into finite
element solvers are reviewed. Based on the findings of the study, weaknesses are identified,




This thesis involves eight chapters overall.
After a general introduction to the study in Chapter 1, a comprehensive literature review
on the static and dynamic behaviour of concrete, reinforcing steel, and the bond between
them follows in Chapters 2 and 3. Issues of numerical modelling and wave propagation are
presented in Chapter 4.
In Chapter 5, numerical case studies on different dynamic experimental set-ups are con-
ducted. The first two sections analyse the drop tower set-up in the push-in and pull-
out configuration respectively, while the third section presents the split Hopkinson bar
configuration that was adapted to the needs of bond testing. In Section 5.1, difficulties
connected with the special nature of dynamic bond testing are highlighted. The developed
model is described, calibrated, and validated for the first time. The particular execution
later serves as a reference case for the parametric studies that follow. In Section 5.2, the
assessment of the performance of the model continues. In parallel the interplay of numerical
and analytical methods is exemplified on the preliminary dimensioning process of the ex-
perimental set-up. In Section 5.3, a second version of the model is introduced by utilisation
of a more complex concrete constitutive law that optionally considers strain rate sensitiv-
ity. Differences and similarities between the two versions of the model are documented and
discussed.
In Chapter 6, numerical parametric studies are conducted. In Section 6.1, the loading rate
influence is investigated. With the hypothesis proven that a strength or rather resistance
enhancement arises even with no explicitly strain rate dependent material model, in Section
6.2, the study is extended by further, more in-depth search for influences associated with
this increase. A first attempt is made to implement concrete inhomogeneity with the use of
random distribution fields and evaluate its effect on the loading rate dependent behaviour
of bond in Section 6.3.
In Chapter 7, different numerical approaches to incorporating the bond behaviour between
concrete and reinforcing steel in large-scale simulations in engineering practice are reviewed.
Shortcomings are presented, and enhancements for both static and dynamic conditions are
proposed.
Finally, overall conclusions are derived, and recommendations for further research are given.
3

2 BASICS OF BOND IN REINFORCED CONCRETE
2.1 CONCRETE
2.1.1 Composition
In a first approach, concrete is a type of artificial stone produced for structural application.
It is a composite material obtained by mixing aggregates, cement and water. Cement is a
hydraulic binder that reacts with water, forms crystalline structures and hardens the mixture
such that the aggregates cohere to each other. The final product has a porous structure. Its
properties largely depend on the material composition and processing. A good mixture of
both coarse and fine aggregates ensures the optimal material performance. Grading curves
are designed for this purpose. They precisely define the aggregates size and quantity in
order to minimise the number and size of voids in the hardened concrete. To enhance the
physical and chemical properties of concrete, small amounts of additives and admixtures are
occasionally also included in the mixture.
Concrete includes both pores and cracks from the outset. Drying shrinkage, creep, and tem-
perature influences induce an internal stress state in the concrete. As a result, microcracks
form in the cement matrix and primarily in the interface between aggregates and cement.
When load is applied, microcracks grow, and macrocracks are created. The heterogeneity
of concrete is thus not only due to its composition, but also due to the pores and cracks
included in it.
General information on the static uniaxial and multiaxial behaviour of normal-weight con-
crete is given in the following. Light-weight concrete and other forms of special concrete, as
well as creep and shrinkage loading types, are not relevant to this work and are not discussed
further. Information on these issues, as well as more in-depth discussion of normal-weight
concrete, can be found in the relevant literature, see, e.g. [179, 113].
2.1.2 Uniaxial behaviour
Uniaxial states of stress and strain characterise large parts of structures and components of
structures like bars, beams, and columns. Uniaxial concrete testing is furthermore the basis
of design codes like the DIN standards and the Eurocodes. Based on the uniaxial concrete
compressive strength, concrete is sorted into property classes.
Strength anisotropy is one of the fundamental characteristics of concrete behaviour. The
material is about one magnitude stronger under compression than under tension. In the
following, both uniaxial compression and tension are presented.
2.1.2.1 Compression
Stress-strain relations have been established to describe the uniaxial behaviour of concrete.
The respective experimental executions are usually conducted in a displacement controlled
5
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manner on standard cylindrical or cubical specimens which dimensions are standardised, e.g.
in [34].
Figure 2.1(a) visualises the forces inside an exemplary concrete specimen loaded under uni-
axial compression. For normal-weight concrete, the main load transfer is realised from ag-
gregate to aggregate, since aggregates offer the highest resistance to load. The compressive
stresses concentrate in the coarse aggregates, and the result is a three-dimensional lattice-
like model in which tensile balancing forces are transferred by the cement paste in the space
between the aggregates. The tensile forces are mainly directed perpendicular to the com-
pressive load axis and increase up to a certain point depending on the tensile strength of the
cement paste [170].
Figure 2.1: Concrete under uniaxial compression: (a) force transfer inside the specimen and (b)
schematic stress-strain relation, according to [179].
A schematic stress-strain relation for concrete subjected to uniaxial compression is given in
Figure 2.1(b). During the first stage of load application, and up to ≈ 40% of the uniaxial
concrete compressive strength fc, concrete behaves nearly linearly elastic. With further in-
crease of load, microcracks, which are included in the concrete already before the application
of external load, grow. This growth occurs most notably in the interface zone, parallel to
the axis of compressive loading and perpendicular to the direction of the main balancing
tensile forces. The more load gets applied, the more strain increases compared to stress.
The stiffness decreases, the stress-strain curve flattens, and the deviation from the linear-
elastic material behaviour gets more pronounced. Macrocracks form and increase until the
concrete compressive strength is reached. The concrete structure loosens, and the stress
reduces steadily, marking the post-cracking behaviour of concrete. Failure occurs when the
equilibrium related transverse tensile stresses reach their maximum.
The focus now moves to the response of concrete in the transverse direction. As a general
rule, the transverse strain sign is the opposite of the sign of the strain in the main loading
direction. In the case of uniaxial compressive loading, where the material is free to deform
in every direction other than the main one, the transverse strain is positive. Cracks form,
the concrete structure loosens, and the material expands in the transverse direction. The
Poisson’s effect describes the above phenomena. The respective Poisson’s ratio captures the
ratio between the transverse and the longitudinal strain. For concrete in the linear-elastic
range, typical values are between 0.15 and 0.22. The same values apply for tensile load
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application. From the perspective of volumetric strain, the volume of concrete specimens
under uniaxial compression decreases first and increases afterwards due to loosening when
the principal stress reaches ≈ 80% of the concrete compressive strength.
The failure patterns of concrete specimens under uniaxial compression are influenced both
by the Poisson’s effect and friction. Failure usually occurs in middle height, with the final
specimen resembling the shape of an hourglass, see Figure 2.2. Friction influences failure in
so far as it restrains the specimens lateral expansion near its ends. A standard method for
avoiding this effect is the introduction of a friction-reducing intermediate layer between the
concrete and the testing machine.
Figure 2.2: Schematic fracture patterns of concrete specimens under uniaxial compression, ac-
cording to [179].
2.1.2.2 Tension
The capacity of concrete to transfer tensile stresses is limited. This limitation constitutes
the materials major weakness. Commonplace structural design calculations for the ultimate
limit state usually presume a cracked reinforced concrete structure and completely neglect
the tensile strength of concrete. Concrete tensile strength is, however, taken into regard
for calculations for the serviceability limit state. It is, moreover, relevant in the case of
plain concrete structures and indeed essential for the bond behaviour between concrete and
reinforcing steel, see Section 2.3. In the following, a brief description of the response of
concrete under uniaxial tensile loading is given.
The tensile strength of concrete is, in most cases, connected to the tensile strength of the
hardened cement paste. As soon as a sufficient number of cracks forms in the cement paste,
tensile forces stop being transferred between the aggregates, and the concrete structure
fails. Concrete tensile strength generally accounts for ≈ 10% of the respective compressive
strength. There are three experimental methods to measure concrete strength in tension:
direct tension tests, flexure tests, and splitting tension tests. Direct tension tests are the
most straightforward method but difficult to execute. The other two methods are more
common. Since the direct tension value is used in design codes, the respective values are
after that empirically converted into direct tension strength values. In each case, uniaxial
concrete tensile strength shows wider scattering than the respective compressive strength
ones. More information is given in [35, 36].
Figure 2.3(b) shows a typical stress-strain relation for concrete subjected to uniaxial tensile
loading. The initial response is again linear-elastic, but in comparison to the compressive
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behaviour shown in Figure 2.1(b) more pronounced and observed up to ≈ 70% of the concrete
tensile strength fct. From this point on, existing microcracks grow further, start forming
macrocracks perpendicular to the axis of tensile loading, see Figure 2.3(a), and the non-
linearity of the stress-strain curve increases. A sudden or rather brittle failure with almost
no post-cracking behaviour follows. Damage is locally restricted and usually initiates at the
weakest cross-section of the specimen.
Figure 2.3: Concrete under uniaxial tension: (a) localisation of failure inside the specimen and
(b) schematic stress-strain relation, according to [179].
2.1.3 Multiaxial behaviour
Systematic research has been undertaken to investigate the multiaxial behaviour of concrete.
First attempts focused on the special case of biaxial behaviour, which mostly applies to plates
and shells. Important contributions are documented in, e.g. [78, 118, 147, 153].
2.1.3.1 Biaxial behaviour
While stress-strain relations describe the uniaxial behaviour of concrete, failure curves in
the two-dimensional principal stress plane describe the biaxial behaviour. States of stress
where failure occurs are marked by dots which, if connected by lines, assemble the biaxial
failure envelope. Principal stress combinations lying outside this envelope indicate cracked
or completely damaged material.
Figure 2.4 shows experimental results. They were reported by Kupfer et al. [78] and describe
the biaxial behaviour of concrete. Similar series of experiments, independently performed
by other researchers indicated no significant differences. The curve visualises the concrete
strength depending on the stress state. All values in the diagram are given as a function
of the respective uniaxial strength. For biaxial compression, values are found in the third
quadrant and exceed the uniaxial strength by 20% to 40%. The combination of applied
compressive and tensile stresses in the second and fourth quadrant has a negative effect on
the achievable strength. When concrete is, on the other hand, loaded by tensile stress in
both directions, strength is not significantly less than in the uniaxial case. The first quadrant
shows the respective behaviour.
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Figure 2.4: Concrete under biaxial loading, according to [179].
2.1.3.2 Triaxial behaviour
A failure surface in the three-dimensional principal stress space describes the triaxial be-
haviour of concrete. A schematic illustration is given in Figure 2.5. Concrete under biaxial
loading, presented in Section 2.1.3.1, is a special case of concrete under triaxial loading.
The respective results are found on the three section planes that run through the origin
of the coordinate system and are perpendicular to the coordinate axis. Irrespective of the
stress state in the concrete, failure is assumed to always initiate in a similar manner due to
softening. Even in the case of complex, mostly compressive stress states, failure occurs when
cracks form due to transverse tensile stresses that have reached the tensile strength of the
cement paste. Multiaxial loading either opposes or enhances the transverse strain due to the
Poisson’s effect. Compared to the respective uniaxial case, concrete loosening comes either
later or earlier. Concrete strength is consequently either increased or decreased. Depending
on the level of confinement provided, concrete cracking can, under certain circumstances,
delayed significantly. That way, extremely high stresses can be achieved and sustained. In
the case of triaxial compression, the behaviour of concrete becomes increasingly ductile, with
failure taking place by internal crushing.
The multiaxial behaviour of concrete can be described analytically. In this regard, a distinc-
tion is generally made between deviatoric and hydrostatic stresses, with most stress states
being a combination of both. Hydrostatic pressure describes stress states with identical
principal stresses in all three directions. The deviatoric plane is identified perpendicular to
the hydrostatic pressure axis. Hydrostatic pressure is related to changes in volume, while
deviatoric stress is related to changes in shape. For a given hydrostatic pressure, concrete
failure occurs, when the corresponding deviatoric component is reached. The higher the hy-
drostatic pressure is, the higher the corresponding deviatoric stress component. It is worth
mentioning that the failure curve in the deviatoric plane is not rotationally-symmetric, but
exhibits a threefold symmetry with the so-called tensile meridians lying closer to the hydro-
static pressure axis than the compressive meridians, see Figure 2.5. The deviation between
them is especially pronounced for small compressive and tensile hydrostatic pressure values,
where the failure curve in the deviatoric plane is nearly triangular. The difference becomes
increasingly lower the higher the hydrostatic pressure in the compressive range is. For very
high pressures the failure curves in the deviatoric plane appear almost circular.
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Figure 2.5: Concrete under triaxial loading, according to [179].
2.1.3.3 Compaction behaviour
Concrete is a porous material that undergoes compaction when loaded under hydrostatic
compressive pressure. The phenomenon is physically connected to the collapse of pores in
the cement matrix. It can be described by the hydrostatic pressure versus volumetric strain
curve, which considers the history of loading and unloading. The curve is a key characteristic
of the concrete compaction behaviour and, depending on the inner pore structure, generally
highly non-linear.
Exemplary compaction curves for concrete recorded by Green and Swanson [59] are given
in Figure 2.6. Three compaction stages can be distinguished. The first is identified as
purely elastic and is determined by the stiffness and strength of the material. It lasts until
the beginning of the pore collapse. Thereupon, at comparably low levels of confinement,
irreversible material damage occurs. Pore collapse initiates, and the volumetric stiffness or
rather bulk modulus decreases. The cohesive inner structure of the material is destroyed
and pulverised. At this stage, intermediate unloading of concrete leads to higher densities
than the original density. The final compaction stage is reached under even higher pressures.
Here, the bulk modulus is even higher, and the pores and voids are considered largely closed.
From a certain point on, the slope of the curve increases no more, since the material is
entirely compacted, and the maximal density of concrete particles is reached. Here, concrete
behaves almost like a compact material, with further loading resulting in a deformation of
the concrete particles themselves.
Experimental data on the compaction behaviour of concrete are hard to obtain and therefore
usually restricted to moderate confining stresses. Most studies on the compaction behaviour
of cementitious materials were carried out on plain mortar specimens, see, e.g. [19, 134].
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Extensions to concrete samples under intermediate to high confinement levels are presented
in, e.g. [54, 59].
Figure 2.6: Exemplary concrete compaction curve measured by Green and Swanson [59].
2.2 REINFORCING STEEL
2.2.1 Basics
Reinforcing steel is introduced into structures in order to compensate the weakness of con-
crete in tension and transfer the bulk of tensile stresses in the structure. More details to the
operating system of reinforced concrete are given in Section 2.3. Reinforcing steel is available
in the form of bars, wires, and welded fabric. In the following, more information are given
on the first form, bars.
National and international product standards specify the properties of reinforcing steel.
The designation of reinforcement usually includes geometrical, mechanical, and technolo-
gical properties. The first property set includes size (nominal reinforcing bar diameter) and
surface characteristics (ribbed, plain or indented surface with further specification of the rib
parameters in the case of ribbed bars). The second property set specifies parameters like the
upper and lower yield strength, the tensile strength, the elastic modulus, the strain at the
maximum stress, and the ductility of steel. Concerning technological properties, weldability
is the main point of interest. A schematic illustration of the geometrical properties of typical
ribbed reinforcing steel that is relevant for this study and standardised in DIN EN 10080
[33] is given in Figure 2.7.
2.2.2 Material behaviour
Steel bars embedded in reinforced concrete structures are primarily loaded under tension
in the direction parallel to the bar axis. A schematic stress-strain relation of conventional
reinforcing steel is given in Figure 2.8. For the design of concrete structures, the elastic mod-
ulus E and the initial yield stress fy are considered the most important material properties.
They often amount to 210 GPa and 500 MPa, respectively. The diagram illustrates that the
first response is linear-elastic until the initial yield strength is reached. The corresponding
stress value is maintained within the following strain range, and a yield plateau is built.
When strain is increased further, stress increases again, and the strain-hardening regime is
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Figure 2.7: Schematic illustration of typical reinforcing steel bars standardised in DIN EN
10080 [33], according to [179].
entered. This regime is maintained until the ultimate tensile strength of steel, which is usu-
ally 30% to 60% higher than the initial yield strength. From the point in time when necking
of the reinforcing steel bar begins, stress reduces until the maximum strain is reached. The
reinforcing bar starts to fracture and loses its load bearing capacity.
Figure 2.8: Schematic stress-strain relation for typical reinforcing steel, according to [52].
2.3 BOND
2.3.1 Basics
The bond between concrete and reinforcing steel provides the fundamental mode of action
of reinforced concrete. Embedding steel in concrete should be done in a manner such that
concrete resists the compressive stresses acting in the structure, and steel the tensile ones.
The principle draws on the high compressive strength of concrete while at the same time it
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compensates for the weak performance of concrete under tension. Once the tensile stresses
exceed the load bearing capacity of concrete, cracks form. In the cracked cross-section, tensile
forces are fully transferred by the reinforcement, whereas between cracks, concrete and steel
interact, and tension is resisted by the bond between them, see Figure 2.9. Provided there is
sufficient spacing between the cracks and adequate concrete cover, further loading results in
a further increase of the tensile stress in the reinforcing steel and the concrete in the vicinity
of the reinforcement. New concrete cracks form once the tensile stress of concrete is again
reached. Cracking usually occurs in mid-length between existing cracks [53].
Figure 2.9: Cracking model with schematically indicated transfer of tensile forces into the con-
crete, according to [179].
The bond stress τ is used to assess the transfer of forces from the reinforcing steel bars to
the surrounding concrete. It is defined as the rebar-axis-parallel stress component acting at
the interface between concrete and reinforcement. In some cases, that component is called
shear. Bond stress building up between two cracked cross-sections comes with a reduction in
the tensile stress in the bar. The change of force between two cracked cross-sections provides
a first reasonable estimate of bond stress in reinforced concrete structures. The concept
is particularly accurate in the case of smooth bars, where force is transferred by adhesion
and friction. For ribbed bars where mechanical interaction is additionally involved, reducing
bond action to bar-parallel force transfer is a very simplified idealisation, since the stress
state of the concrete near the rebar is more complicated. More details are presented in the
following.
The bond stress-slip relationship has been established to assess and describe the behaviour of
bond. It puts the transferred bond stress into relation with the slip, i.e. the relative displace-
ment between concrete and steel. The bond stress-slip relationship is not an actual material
model, but a material model-like relationship used to capture the complex interactions in
reinforced concrete in a very efficient way [179].
2.3.1.1 Force transfer mechanisms
The bond behaviour between concrete and reinforcing steel is controlled by force transfer
mechanisms. There are three main force transfer mechanisms: chemical adhesion, friction,
and mechanical interlocking [82]. The contribution of each of them depends on the properties
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of the reinforced concrete components. In the case of concrete, the material composition is
decisive, whereas in the case of reinforcement the geometrical properties are predominant.
Chemical adhesion and friction are determining the bond in the case of smooth bars, while
for ribbed bars mechanical interaction is the most important mechanism. Separation of the
contribution of these mechanisms is experimentally infeasible since, for the most part, they
act simultaneously.
2.3.1.2 Crack patterns
For ribbed bars, after the first stage of adhesive bond action, the force transfer is predom-
inately controlled by the steel ribs bearing against the surrounding concrete. Cone-shaped
transverse cracks form when the forces acting on the concrete get more concentrated. At this
point, slip mainly results from the bending of the concrete keys and some limited crushing
of the concrete near the ribs [49].
The bearing force of ribbed bars is inclined with regard to the reinforcing bar axis. It can be
split into a bar-parallel and a bar-perpendicular component. The first was already mentioned
as the one from which the bond stress is calculated. The latter is perpendicular to the first
and leads to circumferential tensile balancing stresses in the concrete. These tensile stresses
may result in the development of radial cracks as indicated in Figure 2.10.
Figure 2.10: Crack patterns in the concrete, according to [139].
2.3.1.3 Failure modes
Eventually, a distinction is made between two different modes of bond failure. In the case the
radial cracks propagate all the way through the concrete cover and reach the outer surface,
failure is achieved due to splitting. This mode of failure is connected to a sudden drop of
bond stress as indicated in Figure 2.11.
In the case the concrete cover is adequate and large enough to prevent splitting, failure
occurs in the mode of rebar pull-out or push-in. A sliding plane around the bar is created, and
friction between the inner and the outer plane becomes the primary force transfer mechanism.
The point of transition between mechanical interaction and friction is dependent on the
resistance of the concrete keys against shearing off. Another possible failure mechanism
that is not of interest in experimental investigations and is often not explicitly mentioned
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Figure 2.11: Schematic bond stress-slip relations and phases of the interaction between concrete
and steel, according to [179].




In reinforced concrete structures, bond failure is most often achieved due to rebar pull-
out and splitting. Different experimental set-ups have been designed to test the respective
failure modes. An overview of experimental set-ups documented in the relevant literature is
given in Figure 2.12. The so-called beam test and the pull-out test are considered the most
appropriate ones. First attempts to standardise them were made in the 1970s by RILEM
[136, 137]. Generally, specimens with smaller, more compact dimensions are favoured over
large-format specimens due to their more comfortable manufacturing, handling, and overall
test execution. Pull-out tests are therefore widely established. Their results represent the
majority of the published literature data on bond. The dimensions of the concrete specimens
vary and reach up to 200 mm in diameter, in the case of cylinders, or edge, in the case of
cubes. The bond zone length is usually chosen between one and five times the rebar diameter.
2.3.2.2 Evaluation
Experimental testing of bond aims at its qualitative and quantitative description. For that
purpose, as already mentioned, bond stress-slip relationships have been established. The
primary difficulty in their derivation consists in the fact that bond stress cannot be measured
directly and the same applies to slip. The particular nature of bond necessitates the use of a
15
2 BASICS OF BOND IN REINFORCED CONCRETE
Figure 2.12: Different experimental set-ups for bond testing, according to [6].
multitude of assumptions. Bond tests are usually either loading or displacement controlled.
In both cases, the force transferred by the bond is directly available either as the force
applied by the loading machine or as the support reaction force that can easily be measured
with the use of a load cell positioned underneath the specimen. Dividing the force by the
nominal bond surface yields the bond stress. The result is an approximation that assumes a
uniform bond stress distribution over the whole bond zone length. Slip is defined as relative
displacement between concrete and reinforcing steel. Its calculation is, nevertheless, done
on the base of local steel displacements measured near the free or the loaded end of the
rebar. With their use, the mean displacement in the bond zone is estimated. Concrete
displacement is usually entirely neglected, which equates slip with the rebar displacement in
the bond zone.
2.3.2.3 Identified influential factors
The behaviour of bond is dependent on a series of influences. A good summary of them is
presented by Lindorf [88], who categorised the factors into material, geometry, and loading
related ones.
There are some influences on which consensus has been reached. They include the quality
of concrete, the concrete cover, the effect of confinement, transverse reinforcement, and the
casting direction with regard to the rebar axis. There are, however, also influential factors
like the nominal reinforcing bar diameter and the bond zone length, which effect has not
yet been clarified. As mentioned above in Section 2.3.2.2, there are considerable difficulties
in the experimental evaluation of bond tests. Establishing clear causal relations between
the bond behaviour and specific influential factors is a difficult task. A significant amount
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of experimental data have to be considered, and different publications should come to the
same conclusion. Relevant data are comparable to a limited extent only, when they are
obtained by different research institutions and laboratories. Some guidelines for bond test
executions exist, see, e.g. RILEM [136, 137]. Nevertheless, slight individual adjustments
at any point in the material composition and the boundary or geometrical conditions often
have an already strong effect. They may change the overall result and the validity of the
assumptions significantly. The example of a simple change in the bond zone length under
otherwise identical conditions and specimen dimensions is used to illustrate the problem.
Although it is, in principle, only a single parameter, it is very likely to affect the bond
stress uniformity, the local concrete heterogeneity, the average number of ribs over the bond
zone length, and friction effects between the specimen and the support plate all at once. In
the following, the most decisive factors influencing the static bond behaviour are reviewed.
Influences on the dynamic behaviour are presented separately in Section 3.
Concrete
❼ Strength class
Several studies investigated the influence of concrete quality on the properties of bond,
see, e.g. [127, 104]. A good overview of the extensive data is offered in [87]. High-
strength concrete generally comes with higher bond strength and stiffness values as
compared to low- and normal-strength concrete. Both the compressive and the tensile
concrete strength level may thereby be important. The first is rather connected to
pull-out and push-in failure whereas the latter is regarded more decisive for splitting
failure. Concerning the relation between the uniaxial concrete compressive strength fc
and the bond strength τbd,max in the case of pull-out and push-in, different empirical
relations have been proposed. They include direct proportionality of τbd,max to fc [65],
proportionality to the square root [51] or even to the 2/3 power of fc [45]. According
to the CEB-FIP state-of-art report on the bond of reinforcement in concrete [50], the
relation of τbd,max = 0. 45 fc as suggested by Huang et al. [65] is fairly good for tests
with both normal and high-strength concrete. This would theoretically allow for shorter
bond zone lengths in the case of reinforcement bars cast in high-strength concrete, but
caution should be taken since high-strength concrete was found to exhibit a stronger
tendency for splitting. Leutbecher [83] explains this tendency by the lower ratio of
tensile to compressive strength for high-strength concrete compositions as compared
to normal-strength compositions. Empirical relations for the relation between fc and
τbd,max in the case of splitting failure have not been provided on a standard basis. Less
available data and the additional dependence on the concrete cover complicate the
identification of correlations [46].
Reinforcing steel
❼ Rib geometry
The rib geometry of the reinforcing steel bar has a significant influence on the behaviour
of bond. An efficient way to compare reinforcing steel bars with different profiling,
comes with the relative rib surface, which can be considered as the ratio of the area of
a rib projected to a plane normal to the bar axis and the nominal bar surface between
two ribs [127]. For most reinforcing steel bars standardised in the DIN EN 10080 [33],
the relative rib area is about 0.056. Generally, an optimisation between too small and
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too high relative rib areas has to be achieved. High values come with high transferable
bond stresses, but bond usually fails already at low slip values with the concrete keys
shearing off. Low relative rib areas, on the other hand, come with delayed failure but
also lower maximal bond stresses.
❼ Rebar diameter
The influence of the nominal diameter of the reinforcing steel bar is considered minor
when compared to the one of the relative rib area. Respective experimental findings
are documented in [104, 46]. Even in the case bars with a given relative rib area but
different nominal reinforcing bar diameters transfer the same amount of bond stress,
the degree of exploitation of steel strength would be lower for bigger diameters.
Structural design
❼ Concrete cover
The thickness of the concrete cover influences the behaviour of bond significantly. With
the gradual reduction of the concrete cover, there comes the point when radial stresses
exceed the tensile strength of concrete, radial cracks initiate and eventually propagate
up to the outer surface of the specimen. Splitting and the ratio between the concrete
cover and the reinforcing steel bar diameter below which splitting is induced has been
investigated experimentally. The values that were concluded range between about 2.5,
see, e.g. [160, 4, 3] and 5, see, e.g. [110].
❼ Transverse reinforcement
Transverse reinforcement can prohibit the uncontrolled opening of radial cracks and
allow for the transfer of additional tensile stresses in the concrete perpendicular to the
reinforcing bar axis. In case the amount of transverse reinforcement is large enough,
it can even induce a pull-out instead of a splitting mode of failure. Respective experi-
mental evidence was found in [45, 125, 104].
❼ Casting position
Based on the casting position and the direction of loading, a distinction is made between
good and poor casting conditions [32, 37]. Horizontal bars near the bottom surface of
the structure and bars cast vertically and loaded horizontally achieve the best bond
resistance. This is because small voids form underneath the reinforcing bars and the
ribs. Bars at the bottom of structures have better bond features due to the settlement
of concrete. Detailed experimental investigations and documentation of the effect were
conducted in, e.g. [38, 104, 111].
❼ Bond zone length
The length of the bond zone is an additional factor to consider in the design of test
set-ups. Its influence has been studied by various researchers, with the main focus on
two points: the bond stiffness and the maximal achievable bond stress. Most sources
have identified an increase in bond stiffness with increasing length. For bond strength,
on the other hand, there is no agreement of results. Strong priority has been given to
the assessment of bond stress-slip relations, and less attention has been devoted to a




❼ Stress state in the surrounding concrete
Compressive or tensile loading in the direction perpendicular to the reinforcing bar axis
has a positive, respectively, negative influence on the overall behaviour of bond. While
compressive stresses can enforce higher bond resistance and even pull-out instead of
splitting failure [46, 111, 99, 110], the opposite is the case when tensile stresses act
[110, 67, 43]. Here, bond resistance is decreased, and radial cracks form more easily.
❼ Rate
The rate of applied loading is another factor that influences the behaviour of bond
between concrete and reinforcing steel. Section 3.2.3 is explicitly devoted to the effect
of high loading rates on the bond and its components.
2.3.2.4 Historical development
The present state of knowledge on bond is due to the continuous research conducted since
the introduction of reinforced concrete at the end of the nineteenth century. In the following,
without any claim to completeness, some of the most significant contributions in the field
are presented.
The first comprehensive experimental investigations on the behaviour of bond were conducted
in 1913 by Abrams [1] with the use of a series of pull-out and beam tests. Since then,
many publications followed. Another important milestone came in 1950 with Kuuskovski’s
[79] analytical derivation of the differential equation of slipping bond. In 1961, Rehm [127]
addressed the optimum rib geometry. He was the first to use the bond stress-slip relationship
that was later widely established. Another contribution was made in 1971 by Goto [57] who
visualised the transverse and radial cracks near the concrete ribs. Fundamental analytical
and numerical models were proposed by Tepfers [156] in 1973 whose name is inseparably
linked to the investigation of splitting cracks. For more contributions, see, e.g. [50].
2.3.3 Empirical and analytical models
A large number of empirical bond stress-slip relations aiming at the provision of approxima-
tions and idealisations of bond has been proposed. The majority of them was calibrated to
capture the average experimental response that was measured in previously conducted tests.
Perhaps the best-known such relation is the model proposed by Rehm [127]. It provided the
basis for many subsequent models which are modifications of the original Rehm model, for
example the model by Martin [103], Martin and Noakowski [104], and Idda [67]. Another
popular empirical model is the one given in the fib Model Code 2010 [51]. It is based on the
work of Eligehausen [46] and was modified and extended by further contributions like the
ones of Langer [81] and Kreller [76].
Bond has also been analysed by analytical means. The most representative of such models
is the model by Tepfers [156] who treated the concrete surrounding the reinforcement bar as
a thick-walled cylinder. The radial force component of bond action is thereby simplified as a
hydraulic pressure acting on the concrete. Shear components are introduced as compressive
stress at a certain angle, and cracks are assumed to develop once the balancing circumferential
tensile stresses reach the tensile strength of concrete. Extensions of this analytical model
can be found in, e.g. [43, 146, 159, 140, 116].
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3 RESPONSE TO DYNAMIC LOADING
3.1 BASICS
Structural engineering analysis and design typically apply to structures under static condi-
tions. Dynamic loading is considered in exceptional cases only. It nevertheless received a
lot of attention in research and the recent literature due to the severe damage it causes, in
case it occurs. The difference between static and dynamic conditions comes with the rate
of load application. Static and quasi-static loading is applied very slowly, such that a sys-
tem deforms under very low strain rates. In a simplified manner, loading can be considered
constant with time. Dynamic loading, on the other hand, varies with time. It may lead to
problems of fatigue and the excitation of vibrations. A particular case of dynamic loading
is impact loading. Here, unique events like collisions, crashes, and blasts occur to a system.
Loading is applied very quickly and within a very short time. In this study, loading rates
varying between quasi-static and high dynamic are investigated. The focus lies on high load-
ing rates. In each case, loading is not applied repeatedly but uniquely, such that fatigue and
vibration issues do not come into effect.
3.1.1 Load introduction
A typical example of impact loading on a reinforced concrete structure is a beam or plate
that gets hit by a projectile. The load is introduced rapidly, and the affected area is very
restricted. Depending on the velocity of impact and the ratio between the stiffness of the
projectile and the stiffness of the structure, a distinction is made between soft and hard
impact. In the case of soft impact, the initial kinetic energy of the projectile is, for the
most part, transformed into deformation energy. In the case of hard impact, more local
damage occurs. When the structure is affected by it, three different modes of failure are
differentiated: cratering, spalling, and perforation, see Figure 3.1. With reinforcing steel
cast at the lower side of the structure, these phenomena are either restrained or prohibited.
Concentrated forces act in the steel and the bond between concrete and reinforcement gets
activated.
The analysis of bond under dynamic loading conditions is the topic of this study. To inves-
tigate it efficiently, bond is separated from scenarios like the above and analysed with the
use of specially designed set-ups. All experimental results used in this work were obtained
by Máca [97], who gives details to the procedure of bond test execution, evaluation, and
analysis. A short overview of the experimental methods is also presented in Chapter 5, in
order to place the numerical case studies in context.
3.1.1.1 Wave propagation
When one body hits another one, stress waves are generated. They propagate through the
parts and transport kinetic and potential energy. In the case of wave propagation in solids,
a differentiation is made based on the direction of wave propagation. Both surface and solid
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Figure 3.1: Failure modes of concrete structures under impact loading: (a)cratering, (b) spalling
and (c) perforation, according to [14].
waves are generated. For the latter, another distinction is made between longitudinal and
transversal waves. The first cause particles to move parallel and the second perpendicular
to the direction of load introduction. In the following, more details are given on longitudinal
waves which constitute the main loading in the framework of this study.
3.1.1.2 Linear-Elastic media
Wave propagation in linear-elastic media is the most basic of all scenarios. The governing
equation of wave propagation can be derived in various physical settings. The classical case
is a vibrating spring, see, e.g. [58], but derivation with the utilisation of Hooke’s Law is










where u(x,t) measures the magnitude of disturbance propagating in the medium, x indicates
the location in the direction of propagation, and t the time. The longitudinal elastic wave






where E is the elastic modulus and ρ the density of the material.
3.1.1.3 Non-Elastic media
In the case of wave propagation in non-elastic media, stress pulses cause irreversible material
deformation. This usually leads to local compaction and stiffening of the material such that
the stress wave propagation velocity becomes spatially variant. Areas that have experienced
irreversible deformation are characterised by propagation velocities that exceed the initial
elastic wave propagation velocity. Such phenomena are very complex and challenging to
investigate. In the course of the experimental evaluation of tests on concrete, they are usually




3.1.1.4 Reflection and transmission at boundaries
When a wave encounters a boundary between different media, a part of the energy and
momentum it carries crosses the border and is transferred to the new medium, while an-
other part is reflected back. The phenomena can best be described for wave propagation
in long thin bars, where the primary wavefront propagates longitudinally and transversal
wave propagation may be neglected. In the following, basic scenarios relevant in the anal-
ysis of dynamic bond experiments will be presented. For more general and comprehensive
information on wave propagation, see, e.g. [58].
The starting point of wave propagation is impact. In the simplest of all longitudinal impact
scenarios, an impactor hits a bar. Both parts are long and thin and share the same properties
in respect of material and cross-sectional area. Figure 3.2 indicates the situation.
Figure 3.2: Wave propagation due to a simple longitudinal impact scenario, according to [105].
The result is a pulse that propagates through both parts in each case away from the impact
interface. It is compressive and has a rectangular and analytically predictable shape. Its





where c is the elastic wave propagation velocity of the material, see Eq. 3.2. The plateau





ρ c υ0 (3.4)
The above equations apply under the condition only that the material and the cross-sectional
characteristics of the two parts match. In any other case, the mechanical impedance I is
used to account for the differences between them. It combines the density ρ, the elastic
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wave propagation velocity c, and the cross-sectional area A of each part to the multiplication
product I = ρ cA. In the case of different mechanical impedances between impactor and bar,
the generated pulse differs from the one presented above. Figure 3.3 shows a generalisation of
the above scenario with both different material properties and a change in the cross-sectional
area.
Figure 3.3: Generalised impact scenario (with different material properties and cross-sectional
areas) indicating the generated stress pulses.
For the determination of the generated stress pulses, transitional condition are needed. The
first is the force equilibrium at the cross-sectional change. It can be determined to:
A1 (σi + σr) = A2 σt (3.5)
where σi is the incident, σr the reflected, σt the transmitted stress pulse, and A the cross-
sectional area. The indexes 1 and 2 are used to characterise the first and the second part in
the direction of impact, respectively. With further consideration of the continuity of particle
velocity at the interface and the relation between stress and particle velocity, as given in,
e.g. [58], the results for σt and σr can be derived as:
σt =
2A1 ρ2 c2
A1 ρ1 c1 + A2 ρ2 c2
σi σr =
A2 ρ2 c2 − A1 ρ1 c1
A1 ρ1 c1 − A2 ρ2 c2
σi (3.6)










Similar considerations hold in the case a pulse is already introduced into a part, propagates
through it and then encounters a boundary. The two most classical boundaries are a free
and a rigid end. Stress reversal is a characteristic of the first and stress multiplication or
rather doubling of the latter, see Figure 3.4. For particle velocities, the opposite is the case.
Any boundary that is classified somewhere in between these limit conditions depends on the
impedances of the involved parts and can also be described analytically. Closer examination
of an exemplary such case is given in the course of analysis in Section 5.1.
3.1.2 Challenges in the evaluation of dynamic experiments
There are a series of difficulties in the evaluation of dynamic experiments, especially when
concrete is involved. For one thing, the load is a function of time and so is the stress and
strain state of the specimen. Even if the shape of the introduced pulse is known by analytical
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(a) Fixed end (b) Free end
Figure 3.4: Sequence of events during the reflection of a rectangular pulse, according to [105].
considerations or measurements, an assumption has to be made for its propagation through
the concrete since here it cannot be measured directly and continuously. The elastic wave
propagation velocity as given by Eq. 3.2 is in this case, moreover, an idealisation. In reality,
concrete is neither linear-elastic nor isotropic. Due to its inhomogeneity, multiple partial
reflections take place inside the concrete at the interface between the cement matrix, the
aggregates, and the voids. For another thing, conventional methods used for the evaluation
and analysis of experiments conducted under static conditions are no longer applicable. Since
inertia and damping forces are involved, alternative evaluation methods valid for dynamics
have to be derived. A classical field in which this applies is material characterisation with
the split Hopkinson bar. Information to the latter experimental set-up is provided in Section
5.3 and in more detail in, e.g. [23].
3.2 DYNAMIC RESPONSE CHARACTERISTICS
3.2.1 Concrete
3.2.1.1 Experimental findings
Several experimental studies on concrete indicate strength enhancements coming with in-
creasingly dynamic loading. This applies for compression [2, 15] and especially tension [102].
The effect is, in both cases, quantified in terms of the dynamic increase factor (DIF), i.e.
the ratio between the dynamic and the reference static value. Figure 3.5 shows an overview
of respective results measured by different research groups as presented in [173]. The data
are given in a semi-logarithmic scale in dependence on the strain rate.
3.2.1.2 Probable causes
The exact causes leading to the strain rate effect of concrete are not yet fully understood.
The phenomenon is still an open field of investigation. In the past, various attempts to
explain it have been proposed. Rossi [142] attributed the strain rate effect to viscosity due
to the cohesion force of water, which is physically bound in the capillary systems of the
cement matrix of concrete. This so-called Stefan effect is considered to delay the initiation
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Figure 3.5: Dynamic increase factors for concrete tensile (red) and compressive (blue) strength,
according to [173].
and propagation of cracks. The concrete is therefore assumed to exhibit a higher resistance
under dynamic loading conditions than under static conditions. Another factor frequently
mentioned in the context of the strain rate effect is the crack propagation velocity which is
theoretically limited and can maximally reach the value of the Rayleigh wave propagation
velocity [44, 129]. The Rayleigh velocity characterises waves propagating along free surfaces,
in this case, the crack surfaces. The data in Figure 3.5 may be idealised by two branches.
While viscous effects are assumed to be more relevant for the first flat branch of strength
increase, crack propagation velocity is often considered determining for the second steeper
branch. Other factors in discussion are inertia forces leading to enhanced confinement [85]
and friction [75]. More pronounced multiple cracking and changes in the crack path are also
often mentioned since, under dynamic loading, cracks were increasingly found to propagate
directly through the aggregates instead of the cement matrix or the interface zone between
the cement matrix and aggregates. Besides intrinsic material properties, there are thus also
aspects of the strain rate effect that are structural. The latter constitute the preliminary
focus of the study.
3.2.2 Reinforcing steel
Reinforcing steel was also found to exhibit a strain rate dependent behaviour. The most
prominent material property in this regard is again strength. Malvar and Crawford [100]
provide a very comprehensive analysis on the topic. They summarise relevant experimental
results achieved until 1998 by studies on reinforcing steel used in Canada and the United
States of America. They conclude that both, the yield and the ultimate strength of steel,
increase with increasing strain rates, whereby the yield strength is influenced stronger. The
extent of strain rate sensitivity varies for different types of steel and is stronger pronounced
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for low-strength steel. The relation they conclusively proposed to describe their findings
empirically is visualised in Figure 3.6. It is widely acknowledged and found entry into the fib
Model Code 2010 [51]. Steel grade 75 corresponds to a yield strength of 517 MPa and comes
thus the closest to the reinforcing steel nowadays mainly used in the European construction
industry.
Figure 3.6: Dynamic increase factors for steel, according to the fib Model Code 2010 [51].
3.2.3 Bond
Comparatively few data are available on the rate dependent behaviour of the bond between
concrete and reinforcing steel. An overview of published results is given in Figure 3.7.
First investigations on the topic were carried out by Hansen and Liepins [62] in 1962 and
Shah and Hansen [150] in 1963. They conducted pull-out tests and observed a bond strength
increase of about 30% which they attributed to the strain rate dependent behaviour of
concrete. Paschen, Steinert, and Hjort [124] in 1974, respectively, Hjorth [64] in 1976 achieved
a large number of results on pull-out tests on both smooth and ribbed bars. They recorded a
bond strength increase of up 30% in the case of ribbed bars and loading rates of 1000 MPa/s.
They also reported lower rate dependence the higher the concrete strength class was. Vos and
Reinhardt [164, 163] confirmed these findings with further dynamic pull-out tests between
1982 and 1983. Yan [174] analysed push-in as well as pull-out tests under dynamic loading
conditions about one decade later. He reported an increase in bond strength for ribbed
bars under increasing loading rates. Additional pull-out experiments were conducted by
Weathersby [167] in 2003. Three rates of loading, namely static, dynamic, and impact, were
studied. For ribbed bars, impact loading achieved an increase of up to 100%. This increase
is rather large in comparison with previously published results and is probably due to the
relatively small concrete cover that was used. Splitting was the dominant failure mode here.
The fact that splitting is assumed to be governed by the concrete tensile strength, which
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Figure 3.7: Dynamic increase factors for bond strength.
demonstrates a stronger sensitivity to strain rates, can, to some part, explain the outcome.
Solomos and Berra [152] gave supporting results. They reported bond strength increases of
up to 90% in the case of splitting and only 30% in the case of pull-out failure in 2010. In
2016 and 2017, Michal [107, 106] published further results. Some support was provided that
the failure mode of bond is dependent on the loading rate. Static and dynamic push-in tests
were conducted. Specimens were shown to predominately fail in the mode of rebar push-in
in the static case and increasingly in the mode of splitting in the dynamic case.
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4.1 INTRODUCTION TO THE FINITE ELEMENT METHOD
The finite element method (FEM) is a numerical technique for the derivation of approximate
solutions to complex problems in science, physics, and engineering. It is applicable in many
very diverse fields including structural analysis, heat transfer, fluid flow, mass transport, and
electromagnetic potential [89]. Finite element models may be developed in many different
ways and with many different purposes, but they all share the intention of providing easy
access to information and inexpensive analysis. From the first pioneers in the development
and the establishment of the FEM [27, 158, 25] till now, a large body of literature has been
published [13, 178]. In the following, with a special focus on the application of the FEM in
structural analysis, a brief overview of its theoretical framework is given.
4.1.1 Theoretical framework
The finite element method relies on a model of reality, like any other method of numerical
analysis too. This model is developed in a four-phase procedure, where conceptual, mathe-
matical, numerical, and computational modelling constitute the individual phases. Concep-
tual modelling comes first and describes the idealisation of reality. It involves specification
of the geometry and the properties of the system of interest, e.g. its composition, mass,
strength, and stiffness. Characteristics not regarded essential for the response are excluded.
In the next phase, mathematical modelling is undertaken. It refers to the formulation of
equations that govern the physical response of the system under the given loading and
boundary conditions. Numerical modelling involves the discretisation of the infinite con-
tinuum reality into a finite number of points considered in space and time. Computational
modelling, lastly, deals with computer processing and the implementation of algorithms that
calculate the solution. Due to the approximate, numerical character of the solution, errors
due to rounding and discretisation always occur. The overall divergence between the com-
puted solution and the real response is defined as modelling error and may originate from
unfavourable realisation or assumptions at any phase of modelling.
The reality of interest can be described as a physical problem or system under given loading
and boundary conditions. This system can, in turn, be described mathematically by means
of equations governing its response. The latter are generally provided in the form of partial
differential equations and constitute the so-called strong form of the problem. To extract
it, three aspects have to be considered: equilibrium conditions, constitutive formulations,
and kinematic relationships. In engineering practice, the governing equations are commonly
formulated in terms of the sought variable. Nowadays, nearly all commercial finite element
solvers use the displacement-based procedure of solving system equations. Here, unlike in




In the following, a system of an axially loaded, linear-elastic bar under static equilibrium




+ q(x) = 0 (4.1)
where u is the axial displacement, q(x) the axial load depending on the position x, A the
cross-sectional area, and E the elastic modulus of the bar. Strains are connected by ε = du
dx
to displacements and stresses by σ = E ε to strains. The above equations are sufficient to
derive an analytical solution for all field variables of interest. The procedure is exemplified
in [42].
In most practical applications, closed-form analytical solutions are not available. This is
where the FEM is employed to provide a remedy. The basic idea of the FEM is to reduce the
complexity of physical problems. There are two steps to this: The first is called discretisation
and entails a change in focus from the continuum reality to a finite number of material points
whose field variables are considered at given points in time. In the second step, the non-
directly solvable governing equations of the system are translated into mathematically easy to
handle structures. In doing so, differential equations are assembled into algebraic systems of
equations that relate the finite number of variables resulting from the discretisation process.
The second step thus comes with a transition from the strong form of the problem to the
so-called weak form of the problem that constitutes a mathematically equivalent statement
of the starting point. More details follow.
By discretisation, a continuum is divided into smaller parts. These parts are called finite
elements. A number of material points where field variables are explicitly considered define
each of these elements. These points are called nodes. Adjacent elements share common
nodes such that again a continuum is formed. To compute the field variables at points
other than the nodes, interpolation or rather shape functions are defined. With the use of
these, usually polynomial functions, the field variables at any point within an element can
be computed by interpolation of the values of the nodes they are assigned to. First, the state
of displacement is calculated. Based on that field, further results like strains and stresses
can be computed. Strains are obtained by the displacements field spatial differentiation
and enforcement of conditions of kinematic compatibility between strain and displacement.
Stresses, in turn, are directly connected to strains by the underlying material model. The
way in which they are interlinked varies fundamentally and can be very easy but also very
complex. Section 4.1.4 gives more details on material models.
The advantage of the weak form of the problem is that it requires weaker continuity and
differentiability of the field of variables than the strong form. The weak form is neverthe-
less equivalent to the strong form, which is why it is preferred over the strong form when
approximate solutions are searched for. Formulations based on the weak form are usually
obtained by means of energy principles, such as the principle of minimum potential energy,
or by methods of weighted residuals like the Galerkin method. A very advantageous formu-
lation comes with the principle of virtual work that is widely used for structural and stress
analysis. It states that for any solid body in static equilibrium that is subjected to small
virtual displacements within a compatible state of deformation, the virtual work δW of the
external forces acting on it is equal to the virtual strain energy δU of the internal stresses:
δW = δU (4.2)
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This can be transferred into the following integral form:
∫
V
δǫT · σ dV =
∫
V
δuT · b dV +
∫
A
δuT · t dA (4.3)
where V is the solid body volume, b its body forces, A its surface, and t surface tractions
prescribed to all or part of A. Virtual displacements δu are introduced along with corre-
sponding virtual strains δǫ. Both are arranged as vectors, transposed and multiplied by the
vectors u, t, and σ, respectively, where σ is the field of stress.
The principle of virtual work can be applied to any sub-domain inside the system. In the
framework of the finite element method, it is applied to any element. That way it becomes
an appropriate tool to assign statically equivalent nodal forces to the stress along the virtual
element boundaries [117]. In the case of its application to single elements, the formulation
leads to a generalised stiffness relation in terms of:
K · u = f (4.4)
where K is the stiffness matrix of the element, u the displacements, and f the externally
applied forces.
Combining all element matrices into one single global matrix that describes the entire system
is a procedure called assembly. A transformation from the local element coordinate system
to the global, usually Cartesian, system is then generally undertaken. When the global
system of algebraic equations is constructed, a solution to the problem can be found once
loading and boundary conditions are defined with substitution of all known applied forces
and restrictions in displacements.
The inclusion of inertia and damping forces in Eq. 4.3 extends the principle of virtual work
and makes it applicable to dynamic problems. In this case, the equation of motion of the
system becomes more complicated, taking the form of the following second-order ordinary
differential equation:
M · ü+ C · u̇+K · u = f (4.5)
where M is the mass matrix, C the damping matrix, and ü and u̇ are accelerations and
velocities corresponding to the second and first derivative of displacements, respectively.
4.1.2 Meshing and elements
Discretisation, often also called meshing, describes the definition of nodal points and finite
elements. Preprocessor software is used for this process. Arrays of nodal coordinates and
element connectivities describe the final mesh. Although the mesh was earlier presented as a
functional instrument only, it may influence the final solution significantly. The quality of the
solution usually largely depends on characteristics like the number, size, type, geometry, and
spatial distribution of elements and nodes. As a general rule, the accuracy of results increases
with the number of elements. In most cases, the output converges to an exact solution as
the finite element mesh gets finer. However, meshing a domain with a large number of
small elements instead of a small number of large elements leads to a disproportionately
higher computation time. This is why in the framework of model development an optimum
balance between the reliability of solution and the computation effort is searched for. A good
approach to analysis combines preliminary numerical investigations and testing conducted
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with the use of coarse models and detailed assessment conducted with the use of fine models.
Another approach identifies areas of particular interest and meshes the respective regions
with finer elements than the rest of the domain.
Changing focus from the mesh to the elements as such, depending on the dimensions and the
type of the problem, one-, two- or three-dimensional elements can be used. One-dimensional
elements, also known as line elements, are used to represent structural members that are
rather long than thick and predominately loaded by axial forces or bending. Two-dimensional
or rather shell elements can account for two-dimensional stress states, bending, and shear
deformations. They are used when material properties in the direction of the thickness of the
system do not vary or vary negligibly. The elements with the greatest potential and the most
widespread use are three-dimensional or rather solid elements. Commercial finite element
solvers usually support a vast range of different solid elements. They can be categorised
depending on the shape (e.g. tetrahedron, pentahedron, and hexahedron elements), the
number (e.g. 4-, 6-, 8-, 10-, 15-, and 20-node elements), and the position of nodes (e.g.
corner, edge, and internal nodes) as well as the implemented shape functions (e.g. linear,
low- and high order functions). Note also, that in the case of solid elements the aspect ratio,
i.e. the ratio of the longest to the shortest element edge, may be critical. If the value is
unusually high, the element loses accuracy.
4.1.3 Contact
The finite element method was described as a tool for the derivation of approximate solutions
to continuum problems. However, a very common and important aspect of such problems
involves the interaction between separate continua. This is the case when two or more bodies
or rather system parts touch or collide, and contact occurs. From a physical point of view,
contact refers to local deformation and transfer of stresses at the contact area, whereas from
a numerical point of view contact is a non-linear time dependent boundary condition.
To enable the occurrence and numerical treatment of contact, its reliable detection and geo-
metrical property definition have to be ensured. Both constitute a prerequisite for finding
a solution to the contact problem. Further steps involve the introduction of appropriate
kinematic constraints, the definition of constitutive equations describing contact, its formu-
lation in the form of variational equations, and the implementation of special algorithms for
their numerical integration.
In the framework of the finite element method, the slave-master concept is typically used
to account for contact problems. In this case, possible contact pairs are defined in advance,
and slave and master parts are selected. The constraint imposed by the contact definition
implies that nodes of the slave part cannot penetrate the surface of the master part. Contact
is detected by checking on the normal distance between them. While forces transferred in the
normal direction can be computed without the need for special contact constitutive equa-
tions, such definitions are indispensable for tangential contact when adhesion and friction
occur. More details on contact algorithms, the formulation of variational equations describ-
ing contact, and the two different numerical integration methods applied to them, namely
the Lagrange multiplier and the penalty method, can be found in, e.g. [171].
4.1.4 Constitutive modelling
Constitutive models are mathematical idealisations of the complex physical behaviour of ma-
terials. They are also called material models. Their formulation can be a very challenging
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task. A first categorisation of material models is made regarding the symmetry of prop-
erties. A model is isotropic when its response is identical in all directions and anisotropic
when different in different directions. Special cases of anisotropy are, e.g. orthotropy and
transverse isotropy.
In the case of structural analysis, material models are mostly isotropic and focus on capturing
the mechanical stress-strain behaviour. Strength and damage are another matter of priority.
In the following, the most popular constitutive models are briefly presented, starting from the
simplest and extending to the more complicated ones. Conclusively, considerations especially
applying to concrete and concrete-like materials are given.
4.1.4.1 Elasticity
Elasticity describes materials which deformations due to applied forces are reversible and
which consequently return to their original form and size once forces are released, see Fig-
ure 4.1(a). Linear-elasticity is a three-dimensional generalisation of Hooke’s law and accounts
for the most basic scenario of elasticity, see Figure 4.1(b). Here, a linear relationship applies
between stresses and strains, the loading, and unloading paths coincide, and no energy is
dissipated during deformation. Although linear-elasticity constitutes a very convenient and
efficient model with regard to computation time, its applicability is limited and mostly holds
for metals with no consideration of yielding.
Figure 4.1: Elasticity: (a) general elastic and (b) linear-elastic behaviour.
4.1.4.2 Plasticity
Plastic behaviour describes materials which deform under loading and do not return to their
original form and size once loading is released. They instead undergo irreversible deforma-
tions and are characterised by a non-unique stress-strain relation that is dependent on the
loading history. Perfectly plastic materials do not undergo deformation until stress reaches
a certain level, see Figure 4.2(a). From then on, deformations take place at a constant yield
stress. Perfect plasticity rarely applies. Plasticity is instead usually combined with elasticity
and leads to elastic-perfectly plastic behaviour or elastic-plastic hardening behaviour, see
Figures 4.2(b) and 4.2(c), respectively. Like elasticity too, plasticity can be combined with
viscosity. More information is given in Section 4.1.4.3.
33
4 NUMERICAL MODELLING
Figure 4.2: Plasticity: (a) perfectly plastic, (b) elastic-perfectly plastic and (c) elastic-plastic
hardening behaviour.
4.1.4.3 Viscosity
Viscosity is closely connected to rate dependence and energy dissipation. It can be en-
countered in combination with elasticity, plasticity or both. The elastic or plastic part of
deformation is instantaneous while the viscous part occurs over time and depends on the
rate of the applied loading.
4.1.4.4 Damage
Damage is a measure of failure. In the framework of numerical modelling, it is usually
introduced as a scalar value that ranges between 0 and 1, where 0 accounts of intact and 1 of
completely failed material. Between them, a damage accumulation law applies. Damage is
monotonically increasing depending on the applied loading. It is usually stored as a history
variable, and failure criteria are used for its implementation. Damage as given in Figure 4.3
is especially interesting in comparison to plasticity in Figure 4.2(c).
Figure 4.3: Damage.
4.1.4.5 Further considerations
Many materials, concrete included, exhibit a very different response under hydrostatic pres-
sure and deviatoric stress. Decomposition of volumetric and deviatoric stresses and strains
can be a helpful tool for prescribing both response components numerically. Note also, that
in the case of concrete and due to the asymmetry of response it exhibits under tension
and compression, failure and yield criteria are commonly described as surfaces in the three-
dimensional stress or strain space. These are usually convex and smooth, as illustrated in
Figure 2.5.
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4.1.5 Implicit and explicit methods
In the framework of the finite element method, there are two different approaches to time
integration: the implicit and the explicit method. In the following, an overview of their
differences is given. Both are first put back into context within the FEM, which was given as
a mathematical procedure to compute displacements, velocities, and accelerations as well as
stresses, strains, and reaction forces due to loads. The latter can be, but are not necessarily,
subject to time dependent changes. Equilibrium equations are derived for each degree of
freedom. Eq. 4.5 gives the general structural analysis equation in matrix form. Inertia and
damping forces are often by default neglected in the case of implicit analysis, which reduces
Eq. 4.5 to Eq. 4.4.
This neglect is not necessarily the case. The missing terms do not constitute the principal
difference between implicit and explicit methods. By contrast, as indicated in the very
beginning, the main difference lies in the incorporated time integration schemes for the
derivation of the solution. In both implicit and explicit methods, an initial value problem is
solved. For explicit methods, the solution at the next time tn+1 depends only on the quantities
at the current time tn and can be determined directly. By contrast, implicit methods replace
the time derivatives of Eq. 4.5 by quantities that depend upon both quantities at the current
time tn and quantities at the next time tn+1. The latter are still unknown.
Implicit analysis, therefore, draws on an iterative solution process that involves a numerical
solver for the inversion of, e.g. the stiffness matrix. This is a computationally intensive
operation that may have to be repeated once or even several times over the course of a single
time step. The procedure gets increasingly expensive the larger the treated problem is and
the more degrees of freedom exist. However, if the non-linearity of the problem is not severe,
the implicit approach allows for a relatively large time step which benefits the calculation
time. For linear problems, implicit analysis can be unconditionally stable.
Explicit analysis, on the other hand, requires a comparably small time step. According to
the Courant-Friedrichs-Lewy (CFL) condition, the stable explicit time step is limited by
the minimum amount of time the wave needs to propagate through the decisive element.
Which one this is, depends on the mesh and the assigned material properties. Either way,
the CFL condition ensures that the wave always propagates less than one element width
per time step. The chosen numerical time step is usually a fraction (normally 90%) of the
theoretically minimal time step.
4.2 APPROACHES TO BOND IN REINFORCED CONCRETE
4.2.1 Concrete
A vast variety of constitutive material models has been developed to capture the phenomeno-
logical behaviour of concrete numerically. The models can be categorised into three modelling
scales: the macroscopic, the mesoscopic, and the microscopic scale, see Figure 4.4.
The macroscopic scale of modelling is used for large-scale simulations and applies on struc-
tural level. It assumes a homogeneous material and uses empirically determined non-linear
stress-strain relations without giving detailed information on the physical causes of the un-
derlying phenomena.
Mesoscopic scale models distinguish between aggregate and cement paste. Both components
are assumed as homogeneous. A critical question concerns the size up to which aggregates
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Figure 4.4: Scales of concrete modelling: (a) micro-, (b) meso-, and (c) macroscopic scale, ac-
cording to [179].
are modelled explicitly or from which on they can be treated as cement paste. The interface
zone between aggregates and cement paste has shown to be a significantly weak area. Some
approaches therefore involve it as a third component. Empirical relations are again used,
this time to summarise and phenomenologically describe parts of the microstructure.
At the microscopic scale, especially cement paste is considered inhomogeneous. Crystals
and molecules can be modelled, and the level may enter molecular and atomic dimensions.
However, microscopic scale models have not been established in the case of concrete since
no direct relation to structural strength and stiffness has been achieved here.
4.2.2 Reinforcing steel
A number of constitutive models describing the material behaviour of reinforcing steel have
been proposed. Compared to concrete, steel is rather simple. In the interest of simplification
and computational efficiency, steel parts in structural analysis are often idealised as linear-
elastic. Their behaviour can, if required, be changed to elastic-perfectly plastic or elastic-
plastic hardening. Under dynamic loading, strain rate dependence can also be involved.
4.2.3 Bond
Modelling of bond is, just as modelling of concrete, dependent on the scale of observation.
Again, three modelling scales can be distinguished: the member or structural scale, the bar
scale, and the rib scale, see Figure 4.5.
Each of the three scales pursues a different objective. This is a reflection of the modelling
dilemma of either capturing bond action realistically or being applicable to structural prob-
lems. From the physics point of view, force transfer occurs at the rib scale, while from the
numerical point of view, large-scale structural problems can only be treated efficiently at
the member scale. Somewhere between the rib and the member scale, the bond scale is
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introduced as a compromise. Bond scale models can meet the requirements of both. They
can treat fairly large problems with a moderate calculation cost and represent bond action
sufficiently accurate.
(a) Member scale (b) Bar scale (c) Rib scale
Figure 4.5: Scales of numerical bond modelling, according to [29].
4.2.3.1 Member scale
Modelling bond at the member scale is convenient when whole reinforced concrete structures
or components of structures are analysed. The reinforcing bars are usually accounted for as
one-dimensional truss elements embedded in a set of solid concrete elements. The interaction
between concrete and steel mainly aims to account for the effect of tension stiffening, i.e. the
stiffness of a cracked structural section that is additionally provided by the intact concrete
which, due to bond, still carries a limited amount of tensile forces in between neighbouring
cracks, see Figure 2.9.
Different approaches have been proposed to model bond at the member scale. They can be
classified into two broad categories. The basic concept of the first approach is to modify
the finite element formulation by introducing and considering additional stiffness and force
terms. In 1967, Ngo and Scordelis [114] chose a very straightforward way to achieve this.
They used linear spring elements between reinforcing bars and the concrete surrounding
them. The approach was continually extended and advanced with the consideration of non-
linear spring elements, as exemplified in the work of Kwak and Fillippou [80] in 1995 and
Monti and Spacone [108] in 2000. Empirical bond stress-slip relations like the ones presented
in Section 2.3.3 can also be used.
4.2.3.2 Bar scale
At the bar scale, both the concrete and the rebar are modelled with two- or three-dimensional
elements, and interface elements are introduced between them. The mesh size is significantly
finer than at the member scale. The reinforcing bar is idealised as smooth, and the action
of the ribs is homogenised. Bond behaviour is captured phenomenologically and is usually
reduced to the aspect of rebar-parallel force transfer. In the past, both discrete and continu-
ous elements were chosen to capture the connection between the rebar and the surrounding
concrete. The first approach includes discrete spring elements and bond stress-slip or rather
bond force-slip relations, see e.g. [145], whereas the second approach is realised with interface
elements and is controlled by stress-strain relations, see e.g. [96, 131, 91].
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With the transition from the member scale to the bar scale, the incorporated non-linear
relations become increasingly complex. A significant calibration effort is necessary to fit the
relations to experimental data. Note also that bar scale models are often not applicable
to design engineering due to the high geometrical complexity of actual reinforced concrete
structures. In the overlapping area between the member and the bar scale, analysis involving
interface elements can be restricted to the most loaded areas of the structure which can be
detected with preliminary, coarser models [133].
4.2.3.3 Rib scale
Modelling bond at the rib scale corresponds to the most physically founded approach. It
comes with a high calculation effort and is restricted to small size models. It involves
detailed modelling of the reinforcing steel bar ribs and the concrete keys in between. A
minimum amount of assumptions is required and usually regards the concrete material model
which should properly capture fracture and crushing effects. A challenge in modelling bond
behaviour at the rib scale are large slip values. When slip is already advanced, the concrete
material near the ribs is usually already damaged or pulverised but may still contribute to the
residual bond stress by friction effects and by being redeposited into cracks and voids. Note
also, that the explicit discretisation of ribs and concrete keys generally reduces the average
element size to such an extent that many of the aggregates could also be modelled explicitly.
This is, however, generally avoided in order to not further increase the complexity of the
model and the calculation cost. In most cases concrete is still idealised as homogeneous.
Interesting examples of rib scale models can be found in, e.g. [66, 128, 119, 18, 145, 149].
4.3 CHOSEN APPROACH
In the following, basic characteristics of the methodology pursued in this study are given. The
rib scale approach and the focus on structural effects are what differentiates the study from
the majority of numerical approaches adopted for the analysis of bond so far. Due to reasons
briefly indicated in Section 4.1.5 and discussed in more detail in Section 6.1.3.3, explicit finite
element solvers constitute the best choice, when dynamic are analysed. The general purpose
explicit finite element solver LS-Dyna was chosen in this case. It is especially suitable for
high-velocity impact problems [5, 155] and captures phenomena of wave propagation and the
effect of inertia by default. Geometry preparation and meshing was carried out with the use
of the ANSYS meshing tool. The latter includes a special export feature that generates an
input file which can be run by LS-Dyna. Further pre- and post-processing work was done
using LS-PrePost.
4.3.1 General
As was already mentioned in Section 4.1.5, models at the rib scale explicitly model the
geometry of the rebar ribs and the concrete keys in between. They account for the basic
physical and chemical effects involved in bond action. They furthermore require a minimum
of assumptions as compared to bond scale models that implement bond behaviour in advance
as an empirical relation resulting from the calibration on formerly achieved experimental
results. Advantages of the rib scale approach include insights into the local state of the





In the following, an overview of the involved constitutive models for concrete and reinforcing
steel is presented. The corresponding calibration is given in the course of analysis.
4.3.2.1 Concrete
For rib scale models, the constitutive formulation for concrete is the most decisive. In this
study, concrete was, for the most part, idealised as homogeneous. Attempts to model its
mesoscopic structure are included in Section 6.3 in a first very simplified form. After a con-
siderable number of preliminary test runs with different material models, three formulations
were found suitable and were used for the final analysis. All of them are by default provided
by LS-Dyna. The main formulation is the Soil and Foam Failure model (*MAT 14) that is
known to give relatively good results with a comparatively small set of input parameters.
The second formulation, the Soil Concrete model (*MAT 78) resembles the first one in many
aspects and was used to assess the effect of single changes in the material operation mode.
The third model, the Karagozian & Case (K&C) Concrete model - Release III (*MAT 72R3),
was introduced as a representative of more complex models that can explicitly incorporate
strain rate dependence.
Soil and Foam Failure model (*MAT 14) This model provides a simple constitutive
formulation for soil, foam, and concrete. A brief description of the model is given in the
following whereas a more detailed one is presented by Krieg [77]. Eq. 4.6 defines the
deviatoric perfectly plastic yield function φ of the model as:
φ = J2 −
(




where p is the hydrostatic pressure, J2 the second stress invariant, and a0, a1, and a2 are the
user-defined constants that determine the shape of the yield surface in the three-dimensional
principal stress space.
A tabulated curve of hydrostatic pressure versus volumetric strain describes the volumetric
yielding of the material. The notation demands volumetric strain in compression to be
negative. The respective value is given by the natural logarithm of the relative volume or
rather the ratio of the current volume to the volume at the beginning of the calculation.
The bulk modulus of unloading has to be defined in the case the volumetric crushing option
(V CR = 0) is turned on. If not, the loading and unloading paths are the same. This proves
to be problematic in the case of concrete. A special history variable stores the maximum
value of volumetric strain in compression. When the new volumetric strain value exceeds the
last stored one, loading is indicated. Another option comes with the definition of a tensile
pressure cut-off value beyond which the element cannot transfer tension.
Soil Concrete material model (*MAT 78) This constitutive model is in nature very
similar to *MAT 14 but is based on a yield stress curve given by a pair of yield strength
versus hydrostatic pressure points. In comparison to *MAT 14, it supports some further
features like the optional use of a strain-based failure criterion, see [172].
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Karagozian & Case (K&C) Concrete model - Release III (*MAT 72R3) This formu-
lation is an advanced elastic-plastic material model. It is one of the currently most popular
formulations LS-Dyna provides for concrete. It has its origins in the Pseudo-Tensor Model
(*MAT 16) and likewise features three yield surfaces that limit the material behaviour, see
Figure 4.6. They represent the initial, the maximal, and the residual yield surface and are
defined by a total of eight independent input parameters, as follows:
σy = a0y +
p
a1y + a2y p
(Initial yield surface) (4.7)
σm = a0 +
p
a1 + a2 p
(Maximum yield surface) (4.8)
σr =
p
a1r + a2r p
(Residual yield surface) (4.9)
where p is the hydrostatic pressure and σ the yield stress specified by the respective index
of each surface. The corresponding input parameters a0, a0y , a1y , a2y , a0, a1, a2, a1r , and a2r
define the shape of the surfaces.
Figure 4.6: Pseudo-Tensor Model (*MAT 16) as presented by Malvar [101]: (a) three yield sur-
faces and (b) exemplary softening behaviour in the case of multiaxial loading.
At the first stage of loading or reloading, the deviatoric stress is elastic until the initial yield
surface is reached. From them on, the material stresses may increase until the maximum
strength surface is reached. Beyond that point, the material softens to the residual yield
surface. A scaled measure is used to describe the level of damage. Below the initial yield
surface, damage amounts to 0, at the maximum strength surface to 1 and at the residual
strength surface to 2. Decomposition of the deviatoric and the volumetric response is made,
and an equation of state is used to consider for the compaction of concrete. A special feature
of the model is the option to explicitly account for the strain rate effect. This is achieved
with a strain rate dependent multiplier for the yield strength. More details on the operation




In accordance with Section 4.2.2, steel was modelled as a linear-elastic or elastic-plastic ma-
terial featuring yielding. The constitutive models are called Elastic (*MAT 1) and Piecewise
Linear Plasticity (*MAT 24), respectively.
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Chapters 2 and 3 elaborated a comprehensive literature review on concrete, reinforcing steel,
and the bond between them under static and dynamic loading conditions. It was demon-
strated that none of the above fields is fully understood yet and further research is necessary,
especially on the loading rate dependent behaviour of bond.
The work presented herein analyses bond and its loading rate dependent behaviour from
a numerical point of view. General information on the finite element method, different
methodologies to modelling reinforced concrete as well as the basics of the approach adopted
here were already presented in Chapter 4. The current chapter demonstrates the capabilities
of the developed model on which basis parametric studies on the influence of loading rate
and further relevant parameters are conducted in Chapter 6. In contrast to the majority of
numerical approaches adopted so far, bond is not implemented in the software as an empir-
ical, in advance determined relation resulting from the calibration on available experimental
results, but emerges from direct modelling of the involved physical and chemical phenomena.
With respect to the distinction of bond models introduced in Section 4.2.3, the chosen ap-
proach is classified as rib scale model. The geometry of the parts is modelled in detail in 3-D,
with explicit consideration of the rebar ribs and the concrete keys between each pair of ribs.
At the same time, phenomena of wave propagation and the effect of inertia are captured as
well.
A series of numerical case studies are used to assess the quality, credibility, and the limitations
of the developed model. The studies are outlined in the following sections. They involve the
analysis of the experimental set-ups of a drop tower in the push-in and pull-out configuration,
as well as a split Hopkinson configuration that was adapted to the requirements of bond
investigation. Numerical results are compared with available experimental data in the form
of strain signals, slip measurements, bond stresses, and crack patterns. Insights into the local
specimen state are also provided. A major advantage of the numerical model is that it allows
the separation of individual phenomena. It helps to keep the influence of different factors
sufficiently distinct and allows to distinguish between the apparent and the actual specimen
response. Note also that two different material models were utilised for concrete. The first
one is the Soil and Foam Failure (*MAT 14) material model that is introduced in detail
in Section 5.1, whereas the second one is the Karagozian & Case (K&C) Concrete model
- Release III (*MAT 72R3) that is presented as an alternative in Section 5.3. Individual
models used for the preliminary dimensioning process of the pull-out configuration of the
drop tower are also given in Section 5.2. An investigation of differences between the pull-out
and the push-in mode of bond failure is also provided. In each case, a brief introduction
to the basics of the respective experimental set-ups created the base for understanding the
working principles. For detailed information on the experimental work, see [97].
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5.1 DROP TOWER PUSH-IN CONFIGURATION
In the current section, finite element analysis of bond under dynamic loading is conducted at
the rib scale. This involves detailed modelling of the reinforcing steel bar ribs and the concrete
keys in between. The analysis is performed in 3-D with the explicit finite element code LS-
Dyna. The Soil and Foam Failure (*MAT 14) material model that is utilised for concrete is
described, and the material parameters are defined. The numerical results are compared to
experimental data obtained during push-in experiments. Strain signals, slip measurements,
bond stresses and crack patterns are analysed. Insights into the state of the specimen are
realised. Both computed and measured signals, are decomposed based on fundamentals of
wave propagation. On this basis, significant influential factors like the experimental set-up
geometry are identified. The capability of the model to predict key aspects of bond behaviour
under dynamic loading is demonstrated, and its applicability for future parametric studies is
highlighted.
5.1.1 Introduction
Bond behaviour between concrete and reinforcing steel under dynamic loading conditions
has not been treated in much detail until now. To contribute to changes in this direction,
a research program was designed and carried out. In this framework, a drop tower was
planned, and experiments were conducted. For the same tests, numerical modelling was
performed using the explicit finite element code LS-Dyna. A previous version of this section
was published in [121]. Both in [121] and the current section, a comparison between the
finite element results and the experimental signals is provided. This comparison involves
measurements of slip, bond stress and reaction forces. Significant influences such as that
of the experimental set-up geometry are identified. Analytical considerations are used to
decompose the strain signals that are recorded on the rebar surface with the use of wave
propagation fundamentals. Insights into the specimen are also presented in the form of stress
and strain states as well as crack patterns. Last but not least, the quality, credibility, and
the limitations of the numerical model are assessed.
5.1.2 Experimental set-up
The drop tower was realised in two configurations: the push-in and the pull-out configuration.
In this section, a series of dynamic drop tower push-in experiments are used to validate
the developed finite element model. The corresponding set-up is briefly presented in the
following, whereas its pull-out counterpart is described and analysed in Section 5.2.
5.1.2.1 Testing configuration and specimen geometry
Figure 5.1 illustrates a sketch of the push-in configuration of the drop tower. The standard
bond specimen was designed in a cylindrical shape with the diameter and the height amount-
ing to 100 mm. The introduction of the load was realised with the use of a drop weight or
rather impactor. The specimen was situated below the impactor on a steel support plate,
and load cells were used to measure the reaction force. A steel rebar with a total length of
500 mm was cast vertically inside the concrete part and protruded out of it in both directions.
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With the impactor hitting the upper rebar part, a compressive pulse was transferred into the
specimen, and the rebar was pushed into the concrete. Relative displacement between the
concrete and the rebar occurred, and the bond mechanisms got activated. Damage and par-
tial or complete bond failure was the result. The extent of failure was dependent on the bond
fracture energy and the amount of introduced energy. With a given impactor mass an upper
limit was given for the latter. It was dependent on the drop height which was adjustable
but in fact limited by the construction. Two further characteristic features always stated in
bond tests are the nominal reinforcing bar diameter ds and the bond zone length lb. The
first amounted to 10 mm and the second to 2 ds and thus 20 mm. This length is short but
was preferred over long bond zones since short bond zones allow for a better investigation of
proceeded localised bond failure. They also come the closest to the assumption of constant
bond stress over the bond zone length that is commonly made in the evaluation. Bond free
lengths were realised symmetrically above and below the bond zone. They were achieved
by plastic tubes and were especially near the support plate essential to limit the build-up
of lateral stresses. The tubes were removed before the execution in order to eliminate their
influence on the measured signals. Friction between the concrete body and the steel support
plate was not prohibited since the lateral stresses resulting from it were considered mainly
concentrated near the contact surface and therefore not particularly critical at the height of
the bond zone. Normal-weight concrete with basic mechanical properties corresponding to
a compressive strength class of C35/45 was used. The impactor was realised in steel as a
cylinder with a diameter and height of 40 and 500 mm, respectively. The values were fixed
with the help of preliminary dimensioning numerical studies and the availability of products
for construction. The overall mass of the impactor amounted to 4.9 kg. All results presented
in the following were achieved with the drop height set to the maximal realisable value given




2 g h0 = 8. 287m/s (5.1)
where g is the gravitational acceleration. While the latter value may serve as a reference
loading rate within this specific project, loading rates with regard to slip and bond stress
rates were also evaluated, to put the bond test execution into perspective with data available
in the relevant literature, see, e.g. Figure 3.7. They amount to ≈ 7 m/s and 2 · 105 MPa/s,
respectively, which sets them in the range of intermediate to high loading rates. Two light
barriers were situated in the distance of 50 mm just above the upper rebar part. They
checked the time the impactor needed to pass through them. Based on their measurements,
the influence of friction or alternative energy losses on the impact velocity was negligible.
The initial velocity was found to correspond to the expected theoretical value, calculated
according to Eq. 5.1. Rebar strain signals were measured by a couple of strain gauges fixed
on the rebar surface. The first was situated above and the second one below the bond zone
with an equal distance of 25 mm from the considered geometrical centre of the symmetrical
specimen. The geometry of the specimen is shown in detail in Figures 5.2(b) and 5.2(c),
which differ from a numerical point of view only. More details follow in Section 5.1.3.1.
5.1.2.2 Failure modes
Two or rather three main different failure modes of bond are distinguished in literature:
rebar pull-out or push-in, concrete cover splitting, and steel yielding, see Section 2.3.1.3.
In the here considered series, all executions failed by push-in mode, and no splitting was
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Figure 5.1: Drop tower in the push-in configuration: (a) isometric view and (b) cross-sectional
view, according to [98].
identified. The concrete keys between the ribs shear off with the bar eventually slipping
through the bond zone in a frictional behaviour mode [50].
Note that pull-out and splitting are a lot more common when it comes to bond failure
modes in actual reinforced concrete structures. On the side of bond testing, a large number
of different set-ups has been designed, see Section 2.3.2.1. The beam test and the pull-out
test are thereby regarded as the most appropriate ones with efforts to standardise them
dating back to the 1970s, see RILEM [136, 137]. Most of the data in the literature were
determined with the use of pull-out tests which are widely established due to their compact
dimensions that, compared to large-format specimens, allow easier manufacturing, handling,
and overall test execution. Under dynamic loading conditions, push-in tests are, nevertheless,
easier to execute as compared to pull-out tests. In principle, the push-in loading condition,
where a compressive load is applied at the upper end, is very similar to the pull-out loading
condition, where a tensile load is applied at the lower rebar end. In both cases, downwards
rebar motion, and transverse rebar deformation due to the Poisson’s effect is the result. In
the pull-out case, the transverse rebar deformation comes up as cross-sectional reduction
and in the push-in case as cross-sectional increase. Should push-in tests be chosen as a
standard test within a study, comparability to the pull-out case has to be satisfied. The
documented differences between the two types of tests were found to range between slightly
higher resistance for push-in tests [174] to no identifiable difference between them [169].
For short bond zone lengths, and in the case no steel yielding takes place, it is commonly
assumed that the effects described above barely influence the overall behaviour [144]. Short
bond zones were used in the course of this project, and indeed experimental data measured in
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the pull-out configuration of the drop tower showed to be not remarkably different. Detailed
numerical investigations on the topic are presented in Section 5.2.
5.1.3 Finite element simulations
5.1.3.1 Methodology
Three different finite element models were used for the simulation of the bond tests in the
push-in drop tower configuration. Figure 5.2 shows the corresponding geometry and bound-
ary conditions. The models are sorted by complexity which means that model a) is the
most simplified one and model c) the detailed final one. The analysis is done in a three-
phase procedure. The early models are used for decomposition of the measured signals
and separation of different interacting phenomena. A more in-depth description follows.
Note that quarter sections serve illustration purposes only. Although the set-up is obvi-
ously rotationally-symmetric, modelling was done in 3-D and not 2-D. This turned out as
substantial for capturing non-rotationally-symmetric radial cracks that arose at proceeded
loading stages. Furthermore, preliminary simulations that considered only one quarter of
the total geometry showed inadequate performance and distortions due to non-physical re-
flections of stress waves at the symmetry plane boundaries that were inserted artificially and
encompassed translational and rotational constraints. The finite element model was there-
fore generated for the whole geometry, even though the final element number, the calculation
time, and the required storage space resulted in about the fourfold. The only inserted motion
restrictions were translational constraints at all three directions at the lower nodes of the
support plate.
Figure 5.2: Geometry and boundary conditions of the used models (all dimensions in mm).
A more detailed view of model a) reveals that only two parts are considered: the impactor
and the rebar that is simplified as a solid cylinder and does not account for the reinforcing
steel bar ribs. In regard to the impact event, modelling always prescribes an initial velocity
of υ0 = 8. 287m/s according to Eq. 5.1 to all of the impactor nodes. Validation of the
simulation outcome is done by analytical considerations concerning the duration of loading
and the intensity of the pulse that gets introduced. Simple contact algorithms and a friction
47
5 NUMERICAL CASE STUDIES
coefficient of 0.65 in the here considered case of plane steel surface contact [48] account for
the transfer of compressive loads between the parts.
Model b) is of intermediate complexity and captures the interaction in the bond zone in
a simplified phenomenological way. The ribs are still not considered since a macroscopic
bond stress-slip relationship is applied. Phenomenological modelling is thus not conducted
in a classical manner by implementing complex contact algorithms or elements, but more
simply with the use of the LS-Dyna tiebreak contact. This contact is regarded one of the
most common and recommended methods of simulating delamination with LS-Dyna [90].
It is defined by an interface strength-based criterion which allows formerly tied surfaces to








)2 ≥ 1 (5.2)
where σn is the tensile stress in the normal direction and σs the shear stress. Separation
initiates when the normal tensile failure stress NFLS, the shear failure stress SFLS, or a
quadratic combination of both is achieved. From then on, degradation takes place. Dam-
age depends linearly on the distance between two points previously in contact. When a
predefined critical crack opening (CCRIT ) is achieved, the surfaces get completely separ-
ated. Afterwards, the tiebreak contact operates as a common surface-to-surface contact.
For contact between concrete and steel, the friction coefficient for both static and dynamic
loading conditions was set to 0.45 in accordance with results achieved by Baltay and Gjelsvik
[10]. Calibration of the formulation and specifically SFLS was done such that maximal bond
stresses of 25 MPa were obtained. The value matches the bond strength measured in early
experimental bond test executions, see [98]. Normal stresses were handled as secondary,
and NFLS was chosen high enough not to affect the outcome of Eq. 5.2. Trial runs with
different values for CCRIT recognised the value of 2 mm as appropriate.
Model c) involves detailed modelling of the geometry in regard to the ribs and the concrete
keys in between. In the interest of efficiency and simplification, both were generated hori-
zontally and thus parallel to the support plate. No simplified macroscopic bond stress-slip
relationship was inserted in the interface between the two parts. Except for a basic compres-
sive and friction force transfer algorithm, a tiebreak formulation was added on a physical
basis to consider for chemical adhesion. In this case, and contrary to model b), the tiebreak
contact was calibrated such that no compressive and only adhesion stresses are transferred.
Here, the shear failure stress was chosen as 3 MPa, which corresponds to the bond strength
measured for smooth bars, see [64], where adhesion is assumed to be the primary force trans-
fer mechanism. On the basis of the assumed friction coefficient and the ratio of tangential
and normal forces resulting from it, the normal tensile failure stress NFLS was set to 6.667
MPa. To simulate the sudden failure of adhesion, CCRIT was set to zero. Default solid
8-node hexahedron elements (ELFORM=1) were used for meshing the models a) and b) as
well as the corresponding models a)* and b)*, which descriptions follow. Fully integrated
8-node hexahedron elements (ELFORM=-1) were used for meshing the impactor, the re-
bar, and the support plate in the detailed model c). The concrete body was meshed with
the use of solid 4-node tetrahedron elements (ELFORM=10) which allow for easier meshing
when arbitrary or complicated geometries are treated. In each case, the average mesh size
amounted to 3 mm. An exception is made for the concrete in the direct vicinity of the bond
zone where a finer mesh of 1 mm was used. Figure 5.3 gives an insight into the meshed
model.
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Figure 5.3: Insight into the meshed model.
An overview of the number of elements used in any case for any part is provided in Table 5.1.
Preliminary trial simulations were run and tested finer meshing without achieving significantly
diverging results as compared to the final models.
model a) model a)* model b) model b)* model c)
Total 107177 126977 233721 239721 321167
Impactor 101153 101153 101153 101153 28891
Rebar 6040 25824 6040 12024 6206
Concrete - - 120870 120870 283628
Support plate - - 5674 5674 2442
Table 5.1: Number of elements used in any model for any part.
Decisive for the results of the finite element analysis is the selection of appropriate material
models. LS-Dyna currently supports more than 250 different material formulations, several
of which can be used for modelling concrete. Concrete is the most decisive part of the
rib scale model. Some of the most popular models for concrete are the Concrete Damage
model (*MAT 72), the Brittle Damage model (*MAT 96), the Winfrith Concrete model
(*MAT 84-85), and the Smooth Continuous Surface Cap model (*MAT 159). After several
trial simulations, the Soil and Foam Failure model (*MAT 14) and the Karagozian & Case
(K&C) Concrete model - Release III (*MAT 72R3) were selected. A description of them
was already presented in Section 4.3.2.1. In this Section, results are given exclusively for
simulations with *MAT 14. A comparison with *MAT 72R3 follows in Section 5.3. For steel,
the Piecewise Linear Plasticity model (*MAT 24) was chosen since it accounts for strain-
hardening or rather yielding. For the elastic modulus Es and the Poisson’s ratio values of
200 GPa and 0.27 were used, respectively. Effective plastic strains corresponding to yield
stresses were defined in the form of tabulated data. Table 5.2 shows the exact properties
that were used.
The main objective of this section is to analyse a standalone dynamic bond test execution.
At the same time, it aims to create a solid base for the simulation of bond behaviour under
varying loading conditions, see Chapter 6. The respective loading rates shall vary between
quasi-static and high dynamic. In this regard, research attention is explicitly directed to
the strain or rather loading rate effect and hence the identification of strain rate dependent
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Es νs fy εy
GPa - MPa -
200 0.27 548 0
766 0.1135700
Table 5.2: Calibration of the Piecewise Linear Plasticity model (*MAT 24) for modelling reinforc-
ing steel.
characteristics. Although the strain rate effect has long been a major area of interest in the
field of dynamics, the physical mechanisms connected to it have not been fully understood
yet. Different hypotheses have been formulated. In the case of concrete, which behaviour is
assumed to strikingly influence the bond characteristics, see [64], the strain rate effect has
been connected to both material properties and the structural response of specimens. The
first category includes viscosity of the hardened cement paste [141] and retarded crack growth
[130], while for the second category, friction and inertia effects are considered [86, 177, 26],
see Section 3.2.1.2.
To clarify if and to which extent the strain or rather loading rate effect is an intrinsic material
property rather than a structural response of the specimen is a challenging task. In view of
these issues and contradictions, the adopted approach purposefully incorporates strain rate
independent material models. This implies that all changes to the reference case presented
here that arise under different loading rates cannot be attributed to material properties but
are related to structural effects. An alternative strain rate dependent version of the rib scale
model is introduced in Section 5.3. Meanwhile, strain rate independent constitutive models
operate without detriments under dynamic loading since stress wave propagation, impact
load transfer, and dynamic equilibrium conditions are covered.
5.1.3.2 Concrete material model
Two different material models were used and calibrated for the numerical investigation of
bond behaviour. The first one is the Soil and Foam Failure material model (*MAT 14). It is
regarded robust in computation whereby requiring only a small amount of input information
from which nevertheless satisfying results can be obtained. The second one is the Karagozian
& Case (K&C) Concrete model - Release III (*MAT 72R3) which is considerably more
complicated than the first one and requires more careful calibration. A description of the
basic operating mode of both was given in Section 4.3.2.1. In the following, the calibration
and the results achieved with the *MAT 14 model are evaluated and compared with the
available experimental ones. The procedure is repeated for the *MAT 72R3 model in Section
5.3, where the two models are compared.
5.1.3.3 Calibration of the *MAT 14 model
Table 5.3 presents the material properties employed for the use of the *MAT 14 model. Ex-
perimental measurements provided the density ρc of the concrete part and verified commonly
stated density values for normal-weight concrete. Based on the rather simplifying assumption
of homogeneous isotropic linear-elastic material behaviour until failure, the shear modulus
G was estimated as:
G =
Ec
2 (1 + νc)
(5.3)
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where Ec is the elastic modulus and νc the Poisson’s ratio of the material, defined as 29.9 GPa
and 0.2, respectively. The path of unloading is linear, and the slope of it is given by the bulk
unloading modulus. The parameter was defined as 39.99 GPa, which is the default value.
Note that it is automatically increased in order to be larger than the bulk modulus of loading
and prohibit the fictitious generation of energy during cycles of loading and unloading. The
tensile pressure cut-off value PC was chosen as -3.2 MPa. All the values comply with the
DIN 1045-1 [32]. It was found more appropriate to orientate on and achieved better agree-
ment with the experimental results than the utilisation of values stated in the Eurocode 2
[37].
ρc G BULK PC a2 a1 a0
(kg/m3) (GPa) (GPa) (MPa) - (MPa) (MPa2)
2300 12.458 39.99 -3.2 0.3202800 24.7550 75.94
Table 5.3: First set of calibrated *MAT 14 model parameters.
The yield surface is described with the use of three material constants a0, a1, and a2. Fig-
ure 5.4 shows three different cases of parameter adjustment resulting on which the yield
surface has three different conical forms in the three-dimensional principal stress space:
❼ elliptic (a2 < 0)
❼ parabolic (a2 = 0)
❼ hyperbolic (a2 > 0)
The hyperbolic form is employed here. Note that the elliptic yield condition would originally
curve back towards the hydrostatic pressure axis at higher hydrostatic pressure stresses. This
is not observed in experimental data. It would therefore automatically be used up to the
point of the ellipsis maximum (at p = |a1/(2 a2)|), while for higher pressure values a von
Mises extension would be applied [9] and lead to closed meridians in the tensile range and
open meridians in the compressive range.
Figure 5.4: Yield surfaces of the *MAT 14 model, according to [9].
A common method for the calibration of the yield surface of the *MAT 14 model is to set
up an equation system for the definition of the parameters a0, a1, and a2. This can be done
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based on three points lying on the surface. They need to be selected with caution because the
solution is quite sensitive and dependent on them. Two of the first characteristic parameters
coming into question as calibration points are the uniaxial compressive and uniaxial tensile
strength. Both are qualified as such since data to them are gathered on a common basis and
are easy to obtain. A further possible point is the triaxial tensile strength which can either be
measured or defined as ≈ 80% to 100% of the uniaxial tensile strength ft. Even though the
mentioned points are adequate to find a solution for the sought parameters, points located
higher on the hydrostatic pressure axis are better suited. They are more likely to capture
the form of the yield surface more accurately because the meridians are elongated broadly
as the hydrostatic pressure stress increases. The employed parameters of the yield surface
are thus determined by the triaxial tensile strength (≈ 100% ft), the uniaxial compressive
strength fc, and an estimation for one upper compressive meridian point. The method for
its empirical evaluation is recommended in the fib Model Code 2010 [51] in the case data in
this range are needed, and no extensive experimental results are available. The respective
equation estimates the deviatoric stress τcom at a hydrostatic pressure stress of 240 MPa.
For normal-weight concrete τcom is evaluated as:










where fc is the uniaxial concrete compressive strength in MPa. Note that the *MAT 14 model
does not account for differentiation between compressive and tensile meridians. This leads
to a failure curve in the deviatoric plane that is rotationally-symmetric, see Figure 5.4. The
same behaviour for every load angle may be unproblematic for high hydrostatic pressures,
but not for pressure values close to zero. To consider these issues, Eq. 5.4 was arbitrarily
scaled down to 85% of the initial result in order to achieve a more averaged response. Figure
5.5 shows the final calibrated yield surface in the three-dimensional principal stress space.
The selected calibration points are illustrated as dots.
The last input set of parameters concerns the concrete compaction curve. In the case of
the *MAT 14 model, it is defined by ten pairs of hydrostatic pressure versus volumetric
strain points. Experimental determination of the compaction behaviour of concrete is a
challenge. An overview of respective results given for various compositions of concrete by
several different sources is presented by Riedel [134]. Methods to create the volume com-
paction curve of concrete automatically and adjust it to the respective uniaxial compressive
strength fc can be found in the LS-Dyna Manual [93], e.g. the section devoted to the de-
scription of the Winfrith Concrete material model (*MAT 84-85) [17]. A similar approach
is presented by Chen [22] who uses experimental data published by Green and Swanson [59]
and converts them into a dimensionless compaction curve intended to face the demands of
typical concrete compositions. After testing several methods, the last approach was assessed
as the most appropriate and was implemented into the model. Figure 5.6 shows the final
adjusted volume compaction curve after multiplication of the original dimensionless version
by the concrete compressive stress fc. The ten user-defined single points are illustrated
additionally to the unloading path and the tensile pressure cut-off.
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(a) Isometric view
(b) Cross-sectional view
Figure 5.5: Yield surface of the calibrated *MAT 14 model along with the three chosen calibra-
tion points (presented as dots) in the three-dimensional principal stress space.
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Figure 5.6: Proposed hydrostatic pressure versus logarithmic volumetric strain curve for con-
crete for the use with *MAT 14, according to [93, 22, 59].
5.1.4 Finite element analysis results
5.1.4.1 Strain histories
The numerical results computed with the use of the final model c) are compared to the
respective experimental ones in terms of measured strain over time in Figure 5.7. The
experimental data are the outcome of a series of four test executions and are presented in
grey. In the case of the numerical data, a differentiation is made between signals accounting
for the upper (SG 1 - given in blue) and the lower (SG 2 - given in red) strain gauge
positioned on the reinforcing steel bar, see Figure 5.2(b). The order of occurrence is fixed
by the direction of impact. The curves provide information about both the bond and the
experimental set-up geometry.
Figure 5.7: Strain histories corresponding to model c).
A more in-depth explanation is needed to access the information content of the diagram, as
it is not obvious at first sight. The two mentioned influences are first considered separately
before they are eventually combined. In each case fundamentals of wave propagation are
used to capture them:
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(1) Influence of the experimental set-up geometry:
Considering the simplest of all longitudinal impact scenarios, an impactor hits a bar that
is long and thin, and both share the same properties in respect of the material and the
cross-sectional area, see Figure 3.2. In the given case, the rebar is representative of the long
thin bar.
In Table 5.4, the pulse duration T, the wave propagation velocity c, and the pulse plateau
stress σ0 and strain intensity ε0 are evaluated for a 500 mm long impactor and an initial
velocity of υ0 = 8. 287m/s. Steel is assumed for both the impactor and the bar. For the
respective relations, see Section 3.1.1.4.
T c σ0 ε0
(ms) (m/s) (MPa) (h)
0.198 5048 164.14 0.8207
Table 5.4: Characteristics of the compressive pulse corresponding to the simplest of all impact
scenarios (steel material, LImp = 500mm).
However, these values hold true under the condition only that the material and cross-sectional
areas of the two parts match. In any other case, the mechanical impedance I is used to
account for their differences in this respect, see Section 3.1.1.4. This situation applies to
model a)*, which is the same as model a), apart from the fact that its bar is long enough
to be regarded as semi-infinite within the investigated period of time. Both parts are made
of steel but have different diameters and thus different mechanical impedances, with the
mechanical impedance of the impactor being higher than the one of the rebar. As a result,
the profile of the generated pulse shown in Figure 5.8(a) is not rectangular, but has a staircase
shape. It exhibits a long unloading process with gradually descending pulse intensities. This
is because the initial momentum p of the impactor (p = mImp υ0, where mImp is the impactor
mass) cannot be transferred completely into the bar during the first cycle of wave reflection
in the impactor. By contrast, several reflection cycles are necessary, and each of them enters
the bar with a of lower plateau stress intensity. Beginning with the first cycle, the respective
transmitted and reflected pulses can be defined according to Eq. 3.7 with substitution of













ρ1 c1 υ0 (5.5)












with the use of I1 = ρ1 c1 A1. The reflected pulse σr1 propagates inside the impactor where
it gets reflected at its free end. In the second reflection cycle in the impactor that follows
this reflection, the reflected pulse σr1 is the new incoming pulse in the bar, see Figure 3.3.
This leads to:
σi2 = σr1 (5.7)
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Again, for the second reflection cycle, the pulse transmitted into the rebar can be evaluated

























Similarly, for each forthcoming reflection cycle in the impactor, the stress intensity of the












where n stands for the n-th reflection cycle in the impactor. For the first two reflection cycles
that leads to stress intensities of:
σt1 = 308. 964MPa σt2 = 272. 629MPa (5.10)




= 1. 545h εt2 =
σt2
Es
= 1. 363h (5.11)
The pulse illustrated in Figure 5.8(a) is thus the one that gets transmitted into the rebar
and is influenced neither by the experimental set-up geometry nor the transfer of forces
into the concrete. With a finite rebar length of 500 mm, as in the original model a), the
respective strain signals differ. The lower free end of the rebar causes a reflection due to
which the initially compressive pulse turns into a tensile one that travels in the opposite
direction. Superposition of the respective compressive and tensile pulses changes the signals
as recorded at the position of the strain gauges. This is usually perceived as a reduction of
the pulses intensity that can reach zero. This is why depending on the time the pulse needs
to travel downwards from the respective strain gauge to the lower free end of the bar and
back, the signals corresponding to SG 1 and SG 2 differ. Due to this reflection and the given
experimental set-up geometry, the compressive pulse seems shortened, see Figure 5.8(b). The
respective apparent loading durations can be determined to:
TSG 1 =
2 (400 + 25)mm
cs





= 0. 149ms (5.13)
Note that failure of the bond is achieved during the very first reflection cycle in the impactor.
The first cycle is, therefore, the one that characterises the experiment and from which loading
rates in terms of slip and bond stress rate are derived.
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(a) model a)* (b) model a)
(c) model b)* (d) model b)
Figure 5.8: Strain histories corresponding to the different models.
(2) Influence of the bond: The second major influence on the shape of the strain signals is
the one of the bond between concrete and steel.
The most common boundaries a pulse, that propagates longitudinally through a long thin
bar, can encounter, are a free end and a fixed end. Stress reversal is characteristic at the
first and stress multiplication (doubling) at the latter, see Figure 3.4. The bond zone area
falls under the category of other end conditions and is considered somewhere in between
these limit conditions. To separate the influence of the bond zone from the disturbing
effects of multiple reflections described later on, a further model is generated. Here, in the
modified model b) referred to as model b)*, the rebar part above the bond zone is elongated
by 500 mm as shown in Figure 5.2(b). The respective results are given in Figure 5.8(c)
and show an increase of compressive strain before the bond zone (SG 1) and a decrease
of compressive strain after the bond zone (SG 2), as compared to model a). This is the
result of the incoming compressive pulses partial reflection at the bond zone area and the
superposition of the incoming and the reflected (also compressive) pulse that travels in the
opposite direction.
It was indicated before that further influences on the strain signals exist. This is due to
the partial reflection of waves continuously travelling back and forth between the bond zone
area and the interface between the impactor and the rebar. A visualisation of these multiple
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reflections is given in Figure 5.9 in terms of a distance-time plot of the wave process after
the collision of the impactor with the rebar. For simplification, the bond zone is hereby
reduced to a discrete cross-section (x = 1. 2LImp). The bold lines stand for the front of
the main waves that are caused by the initial impact event, whereas the fine lines stand for
the front of the secondary waves that are caused by the partial reflection at the bond zone
area. In terms of intensity the latter account only for a fraction of the main wave intensity.
The origin of the diagram in time corresponds to the moment of the impact event initiation,
hence the first contact between the impactor and the rebar. Immediately afterwards pulses
start to travel through both parts in each case moving away from the interface of impact.
The slope of the lines is generally dependent and proportional to the respective materials
wave propagation velocity. In this case, since both parts are made of the same material, the
slope is arbitrary. Note also, that the fact that the bold lines intersect at the parts common
interface at intervals of (2LImp)/cs is a special case and related to the given geometry since
both parts are equally long.
Figure 5.9: Distance-time plot showing wavefront paths in the impactor and rebar.
Conclusively, the phenomenological model b) performs already well when it comes to cap-
turing the bond behaviour in respect of the most striking strain signal characteristics, see
Figure 5.8(d). What is particularly interesting as compared to model b)* (with the longer
rebar part above the bond zone), is the sudden trend of compressive strain increase before
the bond zone (SG 1) at ≈ 0.06 ms, see Figures 5.8(c) and 5.8(d). It is also visible in final
model c), see Figure 5.7, but in a more moderate and less pronounced manner. The reason
for this are the multiple boundaries the pulses encounter when they travel through the sys-
tem: in particular the bond zone area and the cross-sectional change. The first one was
already described in model b)*. The latter is an issue when the pulse reaches the interface
of the impactor and the rebar. A reflection takes place here, this time due to the change in
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the cross-sectional area. According to a renewed evaluation of Eq. 3.7, 88.2% of the incident
compressive pulse (travelling from the bond zone upwards after a partial reflection at the
bond zone area) is reflected back when it reaches the interface of the impactor and the rebar.
The reflected pulse is also compressive and gets superposed to the incident compressive pulse
with a time lag that depends on the position where strain is assessed.
5.1.4.2 Bond stress-slip relation
The evaluation of the bond stress-slip relationship is described in the following.
Bond stress Quasi-static experiments are usually either force or displacement controlled.
They allow for the straightforward definition of the bond stress τ since τ is proportional to





In this case, the support reaction force coincides with the loading force F and allows for
a simple evaluation of bond stress for both force and displacement controlled quasi-static
experiments.
In the dynamic case, static equilibrium of forces does not apply and a different evaluation
method is necessary. Results on the base of the support reaction force are not sufficient for
the evaluation of the bond stress. The alternative method used in the course of this study is
based on analytical considerations resulting from Kuuskovski’s [79] differential equation of
slipping bond. The respective differential element with the bond stress state at the interface
between concrete and steel is given in Figure 5.10 along with the equilibrium of forces on
it. Inertia and damping forces are in this case ignored, as they only account for a small
proportion of the overall load. It follows:
τ us dx = dσs As (5.15)
where us is the circumference of the bar and As is the cross-sectional area. The length of the
differential element is given by dx and dσs accounts for the change in the steel longitudinal
stress. The bond force can consequently be calculated from the force change along the bond
zone. In terms of experimental data acquisition, strain gauges are used and positioned at
the respective locations to record reinforcing steel strains and convert them into equivalent
forces. Eq. 5.15 can be rewritten for τ after substituting us, As, and dσs within the elasticity







To determine the average bond stress τ , the above considerations are now applied to the
total bond zone length. The result is assumed as constant over the bond zone length of
∆x = 2 ds. Under further substitution of ∆εs = εs,1 − εs,2 (respectively the strain gauge




(εs,1 − εs,2) (5.17)
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Figure 5.11(a) presents the bond stress results obtained with evaluation of Eq. 5.17 from
numerical data over time. It illustrates the major disadvantage of this method in the case
of application to dynamics which comes with the time lag between the two signals. The
distance between SG 1 and SG 2 amounts to 50 mm which corresponds to:
50mm
cs
= 0. 01ms (5.18)
in terms of propagation time through steel. Here, 0.01 ms accounts for the time the pulse
needs to reach the second strain gauge after it has passed the first. In the meantime, the
bond stress calculated according to Eq. 5.18 is unrealistically high since maximally a fraction
of the force recorded above the bond zone is actually transmitted into the concrete. The
strain signal SG 2 was, therefore, shifted 0.01 ms in the time range in order to match the
signal initiation moment of SG 1. This slightly modified evaluation method leads to a smooth
bond stress signal in the first time interval of loading as compared to the original evaluation
method. The bond stress over- and underestimation observed for later moments in time
is unavoidable but regarded as less crucial since the corresponding slip values are already
advanced.
Figure 5.10: Differential element showing the bond stress state at the interface between the
rebar and the surrounding concrete, according to [74].
One of the biggest advantages of numerical modelling is the direct access to internal stress
and strain states as well as the direct assessment of signals like the one of the bond force over
time. In this case, it is given by the vertical or rather z-direction component of the contact
force in the interface between the concrete and the rebar. Note that LS-Dyna contact forces
can be evaluated and stored at predefined time intervals in the ASCII database file RCFORC.
Figure 5.11(b) compares the bond stress evaluated on the base of the strain signals SG 1 and
SG 2, as done in Figure 5.11(a), with the bond stress derived from the RCFORC contact
force after division by the respective area of contact.
Slip Although slip is an important quantity and very often referred to in the bond literature,
its determination raises problems with measurement. It is defined as relative displacement
between concrete and steel. It changes over time but is even for a given moment in time
spatially highly variable. Slip is therefore often simplified as the displacement of the rebar
measured at a given point at the loaded or free end of the rebar. Local rebar displacements
are also used for the evaluation of slip in this study. The displacement of the concrete part
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(a) Evaluation using the strain signal method (b) Comparison of bond stress evaluation methods
Figure 5.11: Bond stress on the base of numerical data.
is neglected, and slip is assumed to match the local rebar displacement after subtraction
of the contribution of the elastic deformation of the rebar over the distance between the
measurement point and the geometrical centre of the bond zone in case the latter is simplified
as a cylinder.
In the case of dynamic tests, further caution is advised with this method. The causes
are indicated in Figure 5.12 which shows the local displacement as computed for different
positions on the rebar. Included are the loaded end, the free end, the midpoint of the bar,
and the geometrical centre of the bond zone. Especially during the first time of loading, the
signals diverge significantly. Compared to the loaded end, the displacement response at the
free end starts delayed but is quicker due to the velocity duplication that occurs when the
pulse reflects at the free end as indicated in Figure 3.4(b). Both tend to move in “jerks” at
intervals of 2 lB/cs, where lB is the length of the rebar. The midpoint of the bar is thereby
set into motion twice as often as the ends, as the pulse passes through it two times for each
reflection at a free end: once as a compressive pulse moving forward and twice as a tensile
pulse moving backwards. Both result in a forward movement of the position [73]. It can
be seen that as time passes, the differences between the displacement of different positions
reduce, and the signals approach each other.
Figure 5.12: Steel particle displacements at different positions of the reinforcing bar on the base
of numerical data.
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Final evaluation Figure 5.13 presents the resulting bond stress-slip relations with bond
stress evaluated on the base of the contact forces, see Figure 5.11 b), and slip evaluated on
the base of local rebar displacement recorded at different positions of the reinforcing bar, see
Figure 5.12.
Figure 5.13: Bond stress-slip relations for slip computed as local steel displacement at different
positions of the reinforcing bar.
5.1.4.3 Support reaction forces
When an impactor and a structure or specimen collide, an impact force I(t) is generated.
The load bearing capacity of the specimen resists a part of this force, while at the same
time the specimen is accelerated. This acceleration is also connected to a force, the inertia
force. In the case of a lumped mass, the latter can be calculated by multiplication of the
mass m with the acceleration ü. For a deformable body, the overall inertia force matches the
volume integral of the multiplication product of the mass with the acceleration ü. During
the first moments of impact, the direction of the inertia force is opposite to the direction
of the impact force. A state of dynamic force equilibrium applies at any moment in time.




m(v) ü(v,t) dv +R(t)− I(t) = 0 (5.19)
where R(t) is the support reaction force. Due to the complexity of the interaction between
concrete and reinforcing steel and the crushing of the material in front of the ribs, the concrete
part cannot be considered a rigid accelerated body. Local acceleration varies significantly
inside the body. Randomly picked nodes displayed no evident similarity to the total part
acceleration, which was tracked and reported in the LS-Dyna output ASCII database file
MATSUM, which saves material energies, velocities, and accelerations for each part.
According to Eq. 5.19, the support reaction force R(t) is the second substantial component
resisting the impact force I(t). Accurate numerical results for both the support reaction and
the inertia force provide the opportunity to verify the validity of the presented assumptions
with the force introduced into the concrete taken as the impact force. Figure 5.14 shows its
decomposition into reaction and inertia. Indeed the sum of both constitutes the total bond
force (derived from the RCFORC contact force, see Section 5.1.4.2). Note also, that since the
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process is highly dynamic, the force introduced in the form of a stress pulse needs some time
to propagate through the material and get transmitted into the support. In the meantime,
the total introduced force is resisted by inertia. From then on, the support reaction force
seems to oscillate around the bond force.
Figure 5.14: Decomposition of the bond force to its resisting components.
5.1.4.4 Crack patterns and insights into the local specimen state
Basics on crack patterns typical for concrete reinforced with ribbed steel bars were given in
Section 2.3. It is assumed that at very early loading stages transverse cracks develop near
the ribs. These cracks were first illustrated by Goto [57]. Tepfers [156] idealised the resulting
stresses by compression cones that lead to circumferential tensile stresses in the surrounding
concrete and eventually radial cracks. An illustration is given in Figure 5.15.
Figure 5.15: Equilibrium of forces around a ribbed bar, according to [156].
In the case of the numerical results computed with the *MAT 14 model, the distribution
of the history variable #1 inside the specimen helps visualise crack patterns. It accounts
for the residual loading capacity in terms of tensile hydrostatic pressure and is an indicator
of damage. It is zero for elements having reached the tensile pressure cut-off value and
characterises failed material. Figure 5.16 shows the damage state as captured for a cross-
section through the specimen during loading. As expected, transverse cracks form and
initiate from the tip of the rib downwards. The steep angle between the rebar axis and the
surface of the cone can be determined to ≈ 65➦.
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(a) t=0.0256 ms (b) t=0.03416 ms
Figure 5.16: Distribution of the history variable #1 inside the specimen (MPa): Visualisation
of transverse cracks that form near the ribs.
In the numerical simulation, further cracks were shown to form and propagate radially to
the rebar axis. By the time the maximal bond stress was achieved, they were found at an
already advanced stage but not yet all the way through the material. Figure 5.17(a) shows
the distribution of the history variable #1 as a classical fringe contour plot at the time
the bond strength was achieved (t=0.14772 ms). An isosurface visualisation of the same
state is given in Figure 5.17(b) in order to provide a better overall picture of the damage
distribution inside the volume of the specimen at that time. For the sake of completeness,
further isosurface visualisations of damage are given in Figures 5.17(c) and 5.17(d) for a
moment before (t=0.11574 ms) and afterwards (t=0.16285 ms), respectively.
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(a) Fringe contour plot at 100% of the maximal bond
stress (t=0.14772 ms)
(b) Isosurface plot at 100% of the maximal bond
stress (t=0.14772 ms)
(c) t=0.11574 ms (d) t=0.16285 ms
Figure 5.17: Distribution of the history variable #1 inside the specimen (MPa): Visualisation
of transverse and radial cracks.
Regarding stress states, one of the most frequent assumptions in the literature regards local
triaxial loading and implies that the concrete material in the immediate area below the ribs
is loaded by high hydrostatic pressure. Computed data indeed showed a three-dimensional
compressive state, which exceeds the uniaxial concrete compressive strength by far. At the
same time, local concrete crushing and compaction occur. At the moment the maximal
bond stress was achieved, Figure 5.18(a) and 5.18(b) show the hydrostatic pressure and the
corresponding effective strain state, respectively. During the first time of loading, only the
upper concrete keys in the direction of impact carry load. Shortly afterwards the load is
introduced over the complete bond zone. Then the lower concrete key breaks off and does
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not further contribute to the load transfer. The pressure in the nearby material is reduced,
and strains localise.
(a) Hydrostatic pressure (MPa) (b) Effective strain (-)
Figure 5.18: Selected stress and strain states at 100% of the maximal bond stress
(t=0.14772 ms).
5.1.5 Discussion
The findings demonstrate that numerical and experimental data are influenced by both the
presence of the actual bond and the chosen experimental set-up geometry. Fundamentals of
wave propagation were used to decompose the recorded strain gauge signals. The introduced
compressive wave was found to undergo multiple reflections when propagating through the
system. The bond zone can be considered as the first discontinuity the wave encounters.
Although in the course of simplification the bond zone was reduced to a discrete cross-
section (see Figure 5.9), in reality, it spans over a whole area. The system can thus well
be represented by a thin bar (representative of the rebar) subjected to longitudinal forces
(impact pulse) and locally embedded in an elasto-plastic medium (representative of the
concrete in the bond zone and in compliance with the chosen LS-Dyna material model), see
Figure 5.19. The reflections at the bond zone, in combination with the reflections induced
by the cross-sectional change at the interface between the impactor and the rebar, result in
a “wave chaos”. Its generation is inevitable. A separation of the incoming, the reflected and
the transmitted wave at the bond zone (in a manner similar to the basic operating principle
of the split Hopkinson bar) seems desirable, but is not realistic: To prohibit the superposition
of waves, the rebar part above the bond zone would have to be long, as indicated for example
in the simplified phenomenological model b*). In reality, requirements of stability and the
risk of load eccentricity and buckling restrict its length.
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Figure 5.19: Reinforcing steel bar represented as a thin bar embedded in a elasto-plastic
medium and subjected to longitudinal loading.
Another important finding concerns the validity of the bond stress evaluation on the base of
recorded strain signals. The high degree of similarity between the bond stress on the base
of the vertical component of the contact force and the bond stress evaluated according to
Eq. 5.17 (see Figure 5.11(b)) confirms the methods applicability to dynamic testing. Some
modifications have to be made to avoid extensive bond stress overestimation in the first
moments of loading. Nonetheless, bond stress over- and underestimation is observed for
later moments in time due to the time lag of signal acquisition, for example immediately
before the tensile reflected waves arrive at the lower strain gauge. This time interval is,
however, regarded as less crucial since the corresponding slip values are already advanced,
see Figure 5.12.
It was furthermore shown, that experimental recording of slip has to be elaborated carefully
with respect to the influence it has on the bond stress-slip relationship, see Figure 5.13. The
differences between local rebar displacements have to be taken into account, particularly
during the first moments of loading, see Figure 5.12. Later on, the differences decrease,
which can be attributed to numerical damping phenomena but most importantly to the
multiple reflections described in Section 5.1.4.1. The different curves are smoothed out and
approach each other. This does not mean that careful slip evaluation can be neglected
since the first moments of loading are the most critical ones with reference to the bond
stress-slip relation. In general, slip can be taken as local rebar displacement but should be
measured as close to the geometrical bond zone centre as possible. Alternatively, it should
be appropriately shifted in the time range.
In line with theoretical considerations, it was verified that the force introduced during impact
is resisted by two components: the support reaction and the inertia force. Accurate results
for both would provide another evaluation method for bond stress, see Figure 5.14. The
support reaction force can be obtained experimentally using a load cell placed below the
specimen. Unfortunately, obtaining the overall concrete acceleration signal is experimentally
rather complicated since the concrete acceleration is variant in both space and time.
Another observation regards the oscillations of the reaction and the inertia force. There are
some indications that these oscillations may be somehow related to the fundamental mode of
compression and decompression of the concrete specimen. Due to the multitude of reflections
inside the concrete, this connection is, however, rather weak.
The numerical results revealed high hydrostatic pressures and concrete compaction near the
ribs. Both transverse and radial cracks were found to emerge. The slight asymmetry of
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numerical crack patterns can be attributed to the non-fully-rotationally-symmetric meshing
of the specimen and the tensile failure treatment. Once an element reaches the tensile cut-off
and fails, its neighbouring elements are directly affected, and stresses are redistributed.
Transverse cracks were found to form. They initiated from the steel ribs and propagated
downwards, see Figure 5.16. The crack initiating from the first rib in the direction of impact
was found to propagate to the largest extent. This can be explained by the cracks underneath
which close again, once the compressive force transferred over the immediate preceding
concrete key is high enough. However, no compressive forces are transferred from the above
concrete into the first concrete key, and cracks initiating from the first rib are allowed to
propagate further. This observation simultaneously highlights one of the biggest advantages
of the chosen material model: Compressive forces can still be transferred by elements failed
in tension. On the other hand, the crack pattern also indicates disadvantages of the model:
It disregards the softening behaviour of concrete in tension and behaves in many aspects
too brittle. Figures 5.16 and 5.17(d) visualise the history variable #1 which is a measure of
damage. Its evaluation indicates the advanced formation of transverse and radial splitting
cracks that were found to reach the outer concrete surface at later moments in time, see
Figure 5.17(d). Currently, the simulation of both crack types seems to be unrealistically
high. Despite the discussed limitations, numerical results should be at least qualitatively
correct, with the crack formation and orientation in good qualitative accordance with data
from the literature.
5.1.6 Conclusion
In this section, finite element analysis was used to investigate the dynamic bond behaviour
between concrete and ribbed reinforcing steel bars. In particular, a drop tower bond test
execution in the push-in configuration was simulated and analysed in terms of strain signals,
slip measurements, reaction forces, and crack patterns. The material model adopted was
the Soil and Foam Failure (*MAT 14) material model, that is implemented by default in the
finite element code LS-Dyna. Input data sets such as concrete compaction curves and yield
surfaces were defined. Validation of the proposed numerical model was done on the basis of
available experimental data.
It is shown that the developed rib scale model is capable of describing the dynamic bond
failure process with a good degree of accuracy. The comparison between numerical and
experimental results showed satisfying agreement. Common characteristics of the signals
were detected, and the influencing factors were decomposed, analysed, and identified by
means of additional numerical models and analytical considerations. It was shown that both
the numerical and the experimental signals that were recorded during the dynamic testing
program are dependent on the experimental set-up geometry. The latter is inevitable since
technical restrictions exist in the design and the realisation of the testing configuration.
The numerical cracks formation and orientation were found to be in good agreement with
the theoretically expected crack patterns, despite drawbacks of the concrete material model.
Both transverse and radial splitting cracks were detected in the simulation.
Finite element analysis was proven to be a helpful tool that provides insights into the local
specimen state and the crack formation process. As an overall result, a better understanding
of the experimentally measured signals was obtained. The ability of the proposed model to
capture central aspects of dynamic bond behaviour was confirmed. The results indicate that
the model can be used in extensive parametric studies on different influences. The latter
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should be benefiting from the ability of detailed rib scale models to predict the behaviour of
bond under varying conditions and with no further input, as compared to phenomenological
models.
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5.2 DROP TOWER PULL-OUT CONFIGURATION
The current section analyses the dynamic pull-out behaviour of bond between concrete and
reinforcing steel numerically and is the counterpart of Section 5.1, where the drop tower
push-in configuration was presented. The analysis is started with a model-based preliminary
dimensioning process for the determination of the optimal experimental set-up. Different
impactor shapes are considered, and an overview of the introduced pulses is given. The
results are categorised and validated by detailed analytical considerations. Recommendations
are formulated for the realisation of the final design which is fixed with the involvement of
technical restrictions. The reliability and quality of direct comparison between bond stress-slip
relationships derived from specimens tested in the push-in and the pull-out configuration of
the drop tower are discussed with regard to the question what the influence of the respective
experimental set-up geometry is. Improved methods to capture the pure influence of the
loading mode are presented and implemented. On their basis, the final evaluation of push-in
and pull-out differences is undertaken. The discrepancies are discussed with reference to
explanations developed in the literature and further possible causes arising from the very
nature of the loading mode. Issues regarding correct data collection and evaluation are again
addressed in order to avoid the emergence of misleading tendencies.
5.2.1 Introduction
In Section 5.1, a finite element analysis of dynamic bond behaviour in the push-in mode of
loading was conducted. The drop tower at which the corresponding experimental investiga-
tions were carried out was thereby shown to implicate a comparatively easy and straightfor-
ward method of implementation: The only involved parts were the actual specimen and the
impactor.
The current section is the direct counterpart of Section 5.1 and provides an analysis of the
drop tower in the pull-out configuration. Compared to push-in tests, pull-out tests are es-
pecially under dynamic loading conditions more difficult to perform, since more components
are required, and both the construction and the data evaluation method get more compli-
cated. In principle, push-in and pull-out tests create a similar loading condition during which
compressive, respectively, tensile forces are applied to the rebar such that in both cases a
rebar motion and a relative displacement between concrete and steel result. According to
the literature, the main difference between the two loading modes comes with the transverse
rebar deformation due to the Poisson’s effect. A reduction of the cross-sectional area of the
rebar is expected for pull-out tests and an increase for push-in tests. However, when small
bond zones are considered and the steel remains within the elastic range, the Poisson’s effect
is assumed to have only a negligible influence on the overall bond behaviour [144, 169]. To
investigate these phenomena, complementary dynamic pull-out tests were conducted, and
the drop tower configuration was adapted to new requirements.
5.2.2 Experimental set-up
5.2.2.1 Possibilities of implementation
In the field of dynamic experimental investigations, there are basically two approaches to
introduce a mechanical pulse into a sample. The first one involves an impact event during
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which a wave is generated. The approach is not very different from the one presented
in Section 5.1, and the equations provided there apply. The second alternative approach
involves pre-stressing of a bar through which the wave is introduced into the specimen. The
end of the bar not in contact with the specimen is loaded statically by a hydraulic actuator
while a frictional blocking device is used to inhibit motion and slippage of the bars middle
section. Both tensile and compressive pre-stressing is possible. Controlled rupture of the
blocking device is after that provoked and gives rise to a rectangular tensile, respectively,
compressive pulse that propagates along the bar. Its amplitude and duration is dependent
on the degree of pre-stressing or rather the stored elastic energy and the length of the pre-
stressed section [20].
5.2.2.2 Chosen implementation
Aiming to make use of the available laboratory capacities, the counterpart tests to the
dynamic push-in executions presented in Section 5.1 were again performed in the drop tower
set-up or rather an adapted version of it. Figure 5.20 shows a schematic sketch of the drop
tower in the pull-out configuration.
Figure 5.20: Drop tower in the pull-out configuration: (a) isometric view and (b) cross-sectional
view.
The specimen is now placed on the upper part of the drop tower frame with the drop weight
directly beneath. To introduce the load, the impactor is released from its entrenchment and
accelerated by gravity. A long thin bar serves as a guide for the impactor until it hits the
clamp that is fasted tightly at the lower end of the guide. A tensile pulse is generated and
travels upwards to the specimen. An ideal version of the configuration foresees a steel rebar
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long enough to span all the way from the specimen to the clamp and thus practically the
full height of the drop tower frame. Technical restrictions came, however, with the maximal
length of acquirable reinforcing steel bar. The final design was therefore realised with a
rebar that is 690 mm long and connected to an almost five-meter-long machine shaft. The
connection was realised through another clamp connecting the 10 mm diameter rebar to the
20 mm diameter shaft. The resultant cross-sectional change had to be unavoidably accounted
for since no thinner machine shaft was purchasable at the time of construction.
Figure 5.21 presents a detail of the realised specimen geometry. It shows that the actual
concrete specimen was positioned rather near the loaded bar end and the transition to the
machine shaft. The ratio between the upper and the lower part is 2:1, with the distance
between the free rebar end and the bond zone centre amounting to 460 mm and the respective
distance between the bond zone centre and the clamp connection to the shaft amounting to
230 mm. Stability failure was no longer an issue with tensile loads, and thus both sections
could be chosen longer in comparison to the respective push-in geometry. This came with a
delay of wave reflection and superposition which benefited the evaluation of bond stress-slip
relationships.
Figure 5.21: Detail on the geometry and boundary conditions of the pull-out model (all dimen-
sions in mm).
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5.2.3 Methodology
5.2.3.1 Model-based preliminary dimensioning
Special attention was required for the exact realisation of the set-up geometry and the
material assignment since the shape of the introduced pulse depends highly on the form and
the dimensions as well as the material of which the impactor and the other involved parts
are realised.
Preliminary dimensioning of the system was performed with the use of a series of separate
finite element models. They considered different impactor and clamp shapes and analysed
the influence of their combinations on the introduced pulse. Some of the most characteristic
realisations accounted for are presented in Table 5.5. Concerning the material, steel was
selected for both the impactor and the clamp in order to adjust their material impedance to
the one of the reinforcing bar. Note also that the same image scaling was used for all parts
shown in Table 5.5 in order to make them directly comparable.
The investigation was taken up with a thin rectangular plate in the role of the impactor. It
was the first most obvious choice since it was used for similar purposes in previous projects
and was thus already available at the time the preparations began. The respective dimensions
amount to 420 mm in length, 200 mm in width, and 15 mm in height with the overall mass
resulting in 10 kg. It is considered in the first model, model a), where it is combined with a
default purchasable cylindrical clamp that comes in the dimensions 50 mm in diameter and
≈ 40 mm in height.
Clamp






420 · 200 · 15
model a) - -
225 · 80 · 80
model b) - -
870 · 50 
model c) - -
280 · 80 
model d) - model f)
640 · 50 · 50
- model e) -
Table 5.5: Geometry of the impactor and the clamp (all dimensions in mm) and combinations for
the models used in the pre-dimensioning process.
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No further specifications were given for the optimisation process. Aiming to assess the
optimal set-up design, reasonable appropriate changes were successively made. In model b),
for instance, the outcome rectangular prism shape of the plate was maintained, but the
height was adjusted in order to get closer to the familiar push-in impactor form, which was
rather long than wide. The same holds for model e), which was combined with a clamp with
identical outer dimensions such that the impactor and the clamp surface are flush with each
other except for the machine shaft opening which amounts to 25 mm in diameter in all cases.
In a further step, the impactor was chosen in the shape of a hollow cylinder which outer
dimensions match the dimensions of the default cylindrical clamp, see model c). The com-
paratively large height was chosen so as to again result in a total mass of ≈ 10 kg, which
characterises all the models shown in Table 5.5. In model d) and f) the hollow cylinder was
reduced to a more conventional height and accordingly, for the mass to remain unchanged,
a larger diameter. Another clamp version was considered for model f) in order to achieve a
flush connection.
5.2.3.2 Analytical validation
Owing to outcome pulse shapes deviating from the ones described in Section 5.1, the analysis
procedure was extended by further analytical considerations on the base of which the finite
element results were validated and eventually classified into three impact types subject to
different descriptive equations.
5.2.3.3 Finite element analysis on the differences between push-in and pull-out
Once the final drop tower design in the pull-out configuration was defined, the effect of the
change in the loading mode was analysed using further finite element models that once
again involved detailed bond modelling at the rib scale. Since slight differences in the
boundary conditions of the two drop tower configurations turned out to be unavoidable,
the research interest was directed towards the extent the respective experimental set-up
geometries influence the recorded bond stress-slip relationships. Methods to improve the
comparison between push-in and pull-out testing were introduced and discussed. The finally
emerging differences were presented and interpreted with regard to the Poisson’s effect and
the very nature of the respective loading mode.
5.2.4 Results and discussion
5.2.4.1 Preliminary dimensioning
The resulting pulse shapes that correspond to the different models presented in Table 5.5
are given in Figure 5.22 in the form of stress histories recorded for the machine shaft directly
above the clamp. The initial velocity is in all cases the same and amounts to 8.287 m/s. At
a first glance, three types of histories were computed: (1) histories fitting the expected rect-
angular pulse shape (see Figures 5.22(c) and 5.22(e)), (2) histories following a more irregular
pattern (see Figure 5.22(a)), and (3) histories characterised by a gradually descending pulse
shape (see Figures 5.22(b), 5.22(d), and 5.22(f)).
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A detailed assessment of the results is started with model a) which stands for the outcome
combination of the thin rectangular plate and the small cylindrical clamp. Despite the
simple geometry of the involved parts, the corresponding results are the only ones that do
not have a straightforward pattern and appear almost arbitrary as compared to the ideally
rectangular and analytically determinable pulse shapes computed in Section 5.1. Note,
however, that the mathematical description of wave propagation problems requires significant
system simplifications. It is thus only applicable to mainly one-dimensional problems. The
plate with its naturally sensitive bending mode excitation does not satisfy the above criteria.
The search for the optimal set-up geometry accordingly continues.
A closer look at Figure 5.22(b) reveals that the results corresponding to model b) are not rect-
angular either. The stress intensity is rather logarithmically decreasing as the time passes.
The same holds for models d) and f) in Figures 5.22(d) and 5.22(f), respectively. Apart from
high-frequency oscillations distorting the ideal signal, the shape of the pulse is in fact nearly
identical in all three cases. At this point, the result is somewhat counter-intuitive since it
appears to be independent of both the mechanical impedance of the matching surfaces and
the length of the impactor. Regarding the mentioned distortions, some theories suggest they
are a consequence of lateral system inertia and high order transient effects that are neglected
in the development of mathematical formulations. In the experimental case, additional devi-
ations from the ideal pulse shape come from imperfections in the design of the construction.
The most important weakness to mention, here, is the slippage of the clamp that remains a
problem due to unavoidable joint flexibility.
Models c) and e), on the other hand, behave the expected way showing the familiar rectangu-
lar pulse shape. Multiple generated steps with constantly lower amplitudes are documented
and complete the pulse shape. Different mechanical impedances lead to different stress
amplitudes. Furthermore, highly plausible seems to be the positive correlation between the
impactor length and the loading duration or rather the pulses steps. What is moreover inter-
esting, is that principally a rectangular pulse shape can also be achieved with a rectangular
prism impactor. In the past, guided waves in bars of varying cross-sectional shape have
been investigated extensively [112]. They constitute a special wave propagation problem for
which exact or approximate solutions are rarely available. The success to derive the corre-
sponding governing equations is in most cases limited, see, e.g. [109]. In the particular case
of model e), a similarity to the results in Figure 5.22(c) is certainly detectable. However,
more distortions come up, and circular cross-sectional areas should be preferred if possible
in order to minimise the deviations from the classical elastic wave propagation theory.
On the bottom line, model c) achieves the best results. Nevertheless, interest exists in
shortening the impactor and making it more compact, easy to handle, and convenient in the
testing procedure. In a first approach, it was therefore attempted to resize the hollow cylinder
by reducing its length and increasing its outer diameter so as to maintain the overall mass
of 10 kg, which, together with the initial velocity, defines the amount of introduced energy.
However, the resulting model d) again leads to the mentioned logarithmically descending
pulse shape. Accordingly, no obvious connection between the chosen set-up design and the
computed pulse shape can be established without going into more detail with analytical
considerations following in Section 5.2.4.2.
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(a) model a) (b) model b)
(c) model c) (d) model d)
(e) model e) (f) model f)
Figure 5.22: Pulse shapes corresponding to the models illustrated in Table 5.5.
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5.2.4.2 Analytical validation
Building on the equations presented in Section 5.1, analytical validation of the numerical
outcome is started with quite a simplification. In this sense, the clamp is initially entirely
neglected, and the system is interpreted as the impactor impacting the machine shaft. Here,
in contrast to the conventional case, tensile and not compressive pulses get transmitted
into the impacted bar. The introduced pulse can thus be derived from Eq. 5.9, after sign
reversal. Exemplary evaluation is given in blue for model c) in Figure 5.23. Input values
are the model c) geometry and the standard initial velocity. Direct comparison with the
computed signals reveals a surprisingly good agreement. More detailed analysis, however,
shows, that the presented analytical approach involving two parts only is an estimation whose
validity is subject to special conditions. Thus it happens that slight geometry modifications
easily lead to considerable deviations, see for example the signal indicated by the red line.
Figure 5.23: Stress histories and analytical estimate for model c).
Closer inspection of the investigated scenario is necessary in order to arrange all the details
concerning the sequence of events taking place. It emerges that a special case geometry is
involved. It concerns the situation at the lower end of the system where the impactor, the
machine shaft, and the clamp get into contact. Figure 5.24 shows the indicated situation with
the clamp being considered as a solid cylinder and the impactor as a hollow rectangular prism.
The exact geometry shall be of subordinate importance and rather arbitrary generalisable.
The same holds for the different considered materials characterised by different densities
and elastic moduli. The significant difference compared to the familiar boundary condition
given in Figure 3.3 can be pinpointed to the third involved part which is quickly identified
as the machine shaft. Note that the latter would not have to be taken into account if it were
not tightly connected to the clamp, thus allowing both compressive and tensile forces to be
transmitted through the joint.
Research interest is now concentrated on the stress pulse that gets transmitted into the
machine shaft. It was confirmed by the simulations, that the respective signal is at least
during the immediate time following the impact event governed by two subsequent reflections.
The first one refers to the reflection with the incident wave being transmitted from the
impactor into the system (see Figure 5.24(a)), and the second one to the reflection with the
incident wave being transmitted the other way around from the clamp into the shaft (see
Figure 5.24(b)). In the meantime, the pulse that got transmitted into the clamp got reflected
at its lower free end and is now directed upwards towards the specimen taking up the role
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of the new incoming pulse. In order not to distract from the essential basics, the clamp in
Figure 5.24 is drawn longer than it really is.
Both reflections come with the entry of a separate pulse into the machine shaft. Depending
on the length of the clamp, they sooner or later get superposed. In the original model c), the
initially introduced pulse σr3 is hardly identifiable in its bare form since the clamps length is
negligible, and the contribution from the second reflection σ′t3 is soon added to the first pulse
σr3 . The two pulses are better distinguishable in the version with the modified geometry
where the clamp is elongated by 160 mm, see Figure 5.23. In the following, the derivation
of the exact analytical equations defining the individual stress components is presented in
detail in order to enhance the understanding of the situation. From this, it emerges why and
under which conditions the first presented two-part analytical approach can be used as an
applicable estimation tool.
(a) First reflection (b) Second reflection
Figure 5.24: Threefold unequal mechanical impedances considering different material properties
and a change in the cross-sectional area, exemplified with model b) from Table 5.5.
The analysis is started with the first reflection. It is given by a set of four unknown stress
variables each of which is characterised by two indices. The first is a letter-index that takes
the values i, r, and t and stands for the incident, the reflected, and the transmitted pulse,
respectively. The second is a number-index that stands for the section accounted for. Applied
to the given case, 1 stands for the impactor, 2 for the clamp, and 3 for the shaft. A system
of equations is developed in order to assess a quantitative solution for the stress components.
Assessment of the individual equations of the system is done on the base of the boundary
conditions at the interface. These require that the force and velocity be continuous. Starting
with the equilibrium of forces it can be written:
A1 (σi1 + σr1) + A3 σr3 = A2 σt2 (5.20)
In analogy to the forces, from the continuity of particle velocity at the matching surfaces at
the junction, it follows:
υi1 − υr1 = υt2 −υt3 = υt2 (5.21)
To express Eq. 5.21 in terms of stress, the relation between stress σ and particle velocity υ is
required. In general, two different velocities must be considered in stress wave calculations.
The first is the velocity of the stress wave travelling at the wave propagation velocity c,
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and the second is the particle motion velocity υ. The particle motion velocity refers to the
velocity of the material as the stress wave transmits energy through the medium and should
not be confused with the wave propagation velocity c. The relationship between these two is
developed from the impulse-momentum equation, where the impulse of the force F changes
the velocity υ of the mass ρ c∆t resulting in a momentum change of p2 − p1 in the impacted
bar in the time period ∆t = t2 − t1:
∫ t2
t1
F dt = σ A∆t = p2 − p1 = ρA c∆t υ (5.22)
from which it can be derived:
σ = ρ c υ (5.23)
Eq. 5.21 can be rewritten for σ after substitution of Eq. 5.23. This leads to the following
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Solving the above system gives equations for the stress components that depend on the
incident stress pulse σi1 :
σr1 =
I2 − I1 + I3
I1 + I2 + I3
σi1 σr3 =
−2A1 I3




A2 (I1 + I2 + I3)
σi1 (5.25)
When σi1 is substituted with
1
2
ρ1 c1 υ0 according to Eq. 3.4 which comes from the conserva-
tion of momentum equation, Eq. 5.25 becomes:
σr1 =
(I2 − I1 + I3) I1
2 (I1 + I2 + I3)A1
υ0 σr3 =
−I1 I3




A2 (I1 + I2 + I3)
υ0 (5.26)
Note also that the above equation is identical to Eq. 3.7 and thus in line with the two-part
analytical approach when the third part is not accounted for.
In the same manner, now for the second reflection, the pulse transmitted into the machine
shaft can be determined to:
σ′t3 =
2A2 I3
A3 (I1 + I2 + I3)
σ′i2 (5.27)
where σ′i2 is the new incoming pulse or rather the reflected pulse that got transmitted into
the clamp during the first reflection:
σ′i2 = −σt2 (5.28)
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Expressed in numerical values, for the standard initial velocity of 8.287 m/s this leads to
tensile stress intensities of:




σ3 = σr3 + σ
′
t3
= 263. 948MPa (5.29)
For reasons of completeness, it is stated that more than these two reflections take place in
the system, and a pulse is getting trapped inside the clamp. This does, however, play a
minor role for the whole pulse image in the case of the short clamp as shown in Figure 5.23.
Interpreting the particularly small differences between the approaches neglecting and taking
account of the clamp is started with a closer view of the stress distribution inside the clamp
in model c). Here, compressive and tensile waves seem to get continuously superposed, and
the clamp is almost constantly influenced by its small height with the stress amplitude re-
sulting as prevailingly zero. With knowledge of the theoretical background and under certain
geometrical conditions, it is thus legitimate to neglect the third involved part. This allows a
more convenient handling on the base of the conventional two-part analytical approach.
Still not explained is the descending pulse shape documented for models b), d), and f) which
involve geometries in principle very similar to model c). To enhance the understanding of the
events leading to these signals, and since no similar shape is expected for impact phenomena
considered so far, considerations are widened to the variety of dynamic effects impact events
might encompass. These effects can be divided into three categories: phenomena of wave
propagation, structural vibrations, and rigid-body motion. With structural vibrations being
more of a separate case described as a systems oscillation about a position of equilibrium
[71], the focus is now directed at the transition from wave propagation to rigid-body motion.
The last scenario is more theoretical than practically applicable. It is an approximation that
becomes more accurate for systems involving great mechanical impedance differences between
the parts. The application of the respective theory comes with neglecting the deformation
and inside wave propagation of the part considered as rigid.
In the literature, the most commonly used example to describe rigid-body motion is given
by the longitudinal impact of a rigid body against an elastic bar. Here, M is the mass of
the rigid body and υ0 its initial velocity. The density and the elastic modulus of the bar
are given with ρ and E, respectively. The smooth curves in Figure 5.25 show the idealised
resulting pulses that get transmitted into the elastic bar in this case. They are characterised
by an initial impact stress σ0 that propagates with the wave propagation velocity c through
the bar. As the impactor starts to rebound from the bar, the introduced stress is gradually
diminishing. Regarding the value, the initial stress σ0 is defined by the impulse-momentum
equation to:
σ0 = ρ c υ0 (5.30)





+ σ A = 0 (5.31)
where υ is the velocity of the bar with the stress σ and the cross-sectional area A. The
term dυ
dt




with application of Eq. 5.23 and 3.2. A first-order
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With application to model d), the corresponding analytical pulse is indicated by a smooth
line in Figure 5.25. It becomes obvious how good the numerical and the analytical curves
on the base of the rigid motion theory match. The same applies for models b) and f), which
analytical descriptions are indeed identical since the derived equations reveal no dependence
of the pulse shape on any characteristics other than the impactor mass and the impact
velocity. The results for an additional model with half the impactor height and mass of
model d) are plotted for comparison purposes in red.
Figure 5.25: Stress histories and analytical estimate for model d).
In the following, the differences between elastic and rigid-body impact are discussed. Meth-
ods to pre-estimate which of the two cases is more relevant in which case are presented. In
this sense, one of the clearest characteristics of elastic impact is the generated pulses de-
pendence on the impedance values of both the impactor (part index 1) and the impacted bar
(part index 2). Taking the initially transferred force Ftelastic as a measure, it can be stated:







where σt is the stress amplitude of the transmitted pulse according to Eq. 3.7. On the other
hand, the initially introduced force in the case of rigid-body impact Ftrigid can be defined by
Eq. 5.30 as follows:
Ftrigid = ρ2 c2 A2 υ0 = I2υ0 (5.34)
In comparison, the rigid mass scenario results in an initial impact force that may be up to
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In this sense, as the impedance of the impactor gets higher, the initially introduced force
corresponding to the elastic system approaches the value of the rigid mass system. The same
seems to apply for the pulse as a whole, see Figures 5.22(b), 5.22(d), and 5.22(f) for pulse
shapes corresponding to models b), d) and f), respectively. In the case of the latter, the
respective ratio can be defined to 1.053 and 1.069, respectively, thus being closer to the limit
case of rigid mass impact than to the elastic impact with no impedance difference between
the impactor and the bar. In all above cases, major impedance differences characterise the
systems and set them on the border to the rigid case impact, which indeed seems to govern
the overall resulting pulse shape. It should, however, be mentioned that the respective ratio
for model c) is also only 1.213, which is a value larger than the last mentioned ones, but
still very close to the border value of 1. In case of doubt, and in the best interest of precise
predictions, it is thus recommended that analytical calculations should be complemented by
numerical simulations.
5.2.4.3 Final design
The final impactor shape was determined by the findings of the model-based preliminary
dimensioning process and further, by the technical realisability and available resources. Fea-
turing a shape similar to the one in model c), the eventually utilised impactor has a height
of 500 mm (as in the case of push-in) and an outer diameter of 50 mm, whereas the inner
diameter amounts to 29 mm. It is realised in steel and has an overall mass of 5.114 kg. With
an initial velocity of 8.287 m/s and the given impedance values, the initial tensile stress
intensity of the rectangular pulse introduced into the shaft results in 250.534 MPa. Appli-
cation of Eq. 3.7 leads to an increase to 400.855 MPa when expressed in terms of intensity
in the thinner reinforcing steel bar.
5.2.4.4 Comparison between pull-out and push-in testing
To accurately compare dynamic bond behaviour under push-in and pull-out loading, one of
the first prerequisites to be fulfilled is similar loading intensity. Compared to the push-in
initial stress intensity of 308.964 MPa (see Eq. 5.10), the respective value in the pull-out
configuration is 400.855 MPa and thus by 29.75% higher. The initial impact velocity in the
latter case is therefore reduced in order to achieve more comparable loading intensities. With
the modified value of 6.387 m/s, both the push-in and the pull-out drop tower configuration
now yield the exact same initially introduced stress intensity of 308.964 MPa.
One of the open issues addressed in Section 5.1 regards the extent to which the computed
bond stress-slip relationship is dependent on the respective experimental set-up geometry.
This is relevant here since the slight boundary condition changes between the push-in and
the pull-out configuration of the drop tower turned out to be unavoidable. The issue is
now again taken up and investigated using the methodology proposed in Section 5.1. It
involves a further rib scale push-in model with an upper rebar part extended by 500 mm in a
similar manner as for the simplified model b)*, see Figure 5.2. It is referred to as model c)*
and considered an appropriate model by means of which the issue can be approached in an
exemplary way. The results are given in direct comparison to the original geometry in Figure
5.26. They show that a difference indeed exists between the outcome of the two models. It
can be attributed to the change in the loading intensity due to the multiple reflections in
the experimental set-up. In this sense, and in line with the analysis results presented in
Section 5.1, the higher bond stress in the case of the original detailed push-in model can be
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attributed to the successive partial reflections at the bond zone and the interface between
the impactor and the rebar. They lead to compressive waves continuously travelling back
and forth on this route which is tantamount to an increase in the loading. The same holds
for the loading rate expressed for example in terms of slip rate as presented in Figure 5.26(b).
At least during the decisive first reflection cycle inside the impactor, during which failure
occurs, the slip rate is also increased. The discrepancy in the bond stress-slip relation can
be interpreted as a first sign of loading rate dependent bond behaviour which is analysed in
more detail in Section 6.1.
(a) Bond stress-slip relation (b) Slip rate
Figure 5.26: Push-in results from Section 5.1: Comparison between the original model c) and
the modified model c)* with the upper rebar part extended by 500 mm (in an ana-
logous manner to the model b)* geometry in Section 5.1).
In view of the new findings, it is concluded that the comparison between pull-out and push-in
experiments can be improved in regard to the experimental set-up by minimising or rather
eliminating the changes in the boundary conditions from the one configuration to the other.
What seems hard to achieve in the experimental case, is possible by exploiting the capacities
of numerical methods. In Section 5.2.4.2 it was demonstrated that the final design could be
interpreted as the impactor impacting the machine shaft but transmitting a tensile pulse.
Benefiting from this finding, precisely this scenario is now implemented for the push-in test
to compare the pull-out results with. This ensures equal boundary conditions under both
loading modes. Instead of the hollow impactor, a solid cylinder with the exact same initial
velocity, length, and cross-sectional area is used for the push-in case. It hits the machine
shaft and generates the respective compressive pulse. Direct comparison of the two cases is
given in Figure 5.27 in terms of bond stress-slip relations and slip rate.
The results show a somewhat higher load bearing capacity and a slightly steeper rise of
the bond stress-slip curve in the case of push-in testing. This is in accordance with the
literature which often explains the phenomenon by the influence of the Poisson’s effect in
the rebar, especially if stresses exceed the yield strength of the material. The analysed
models did, however, not provide evidence for steel yielding. The calculations were therefore
repeated with the rebar accounted for as linear-elastic with a Poisson’s ratio of 0. Inhibiting
the transversal expansion, respectively, shrinkage of the rebar did not significantly influence
the outcome. The bond still exhibited higher resistance under push-in than under pull-out
loading. The rise of the respective bond stress-slip curve was still steeper as well.
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(a) Bond stress-slip relation (b) Slip rate
Figure 5.27: Improved comparison between push-in and pull-out experiments.
An alternative explanation of the results may arise with a look at the bond mechanisms
contributing to the load transfer between concrete and steel. They were identified as adhe-
sion, friction, and mechanical interlocking. Of these three mentioned mechanisms, chemical
adhesion is generally accepted as a minor contributor to the overall load transfer whereas
friction is mostly pronounced in the post-failure range. Consequently, mechanical interlock-
ing is the mechanism bond strength is more dependent on [50]. Mechanical interlocking may,
in turn, be regarded as dependent on the amount of concrete material being influenced by
the introduced wave. Figure 5.28 shows a sketch of the principle underlying the two types
of dynamic load introduction. Here, d is the distance the front of the wave has travelled in
the bond zone. In both cases, the wave has just passed the first rib and leads to stresses in
the concrete. The corresponding compression cones are also shown in the Figure 5.28. In
the interest of simplification, the height of the activated compression cone spans all the way
from the rib to the position of the wavefront in the rebar in the case of push-in and the free
concrete surface in the case of pull-out. The example illustrates that the maximal volume
of concrete material contributing to the activation of bond is generally larger for a rebar
being pushed into the concrete than being pulled out of it. Direct comparison between the
two systems exemplifies how the latter scenario may reach its load bearing capacity earlier,
with the involved concrete key showing considerable signs of damage or even breaking off at
already early loading stages. The same holds as an explanation for the flatter slope in the
corresponding bond stress-slip relationship. The differences between pull-out and push-in
under static conditions can also, to some part, be explained by bond forces concentrating
near the loaded end of the rebar. This would have a stronger effect in the case of long bond
zones.
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Figure 5.28: Schematic sketch of the principle underlying the two types of load introduction: a)
push-in and b) pull-out.
Particularly with regard to the latter, consistent data collection and evaluation is needed.
Switching from slip measurement at the loaded rebar end in the push-in configuration to
slip measurement at the unloaded end in the pull-out configuration might, for example,
distort the results significantly, with pull-out tests eventually showing a stiffer behaviour
than push-in tests. This is shown in Figure 5.29 where the actual push-in and pull-out
drop tower configurations with the initial velocity of 8.287 m/s were used. If experimentally
possible, an averaging of the local steel displacement before and after the bond zone is
recommended to better approximate the slip in the centre of the bond zone. Otherwise,
one should always be aware that measurement at the unloaded end provides a slower rise of
slip against time which results in an artificial stiffness increase of the corresponding bond
stress-slip relationship.
(a) Averaged slip (b) Slip on the base of one side only
Figure 5.29: Influence of slip measurement on the results.
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5.2.5 Conclusion
The objective of this section was, for one thing, to assess the optimal experimental set-up for
the drop tower pull-out configuration, and for another, to evaluate the differences emerging
between the push-in and the pull-out mode of bond loading.
The first part was achieved by means of a model-based preliminary dimensioning process
in which simulations with different types of impactor and clamp shapes were performed
and validated by analytical considerations. It turned out that different impactor and clamp
combinations result in different introduced pulse shapes, and that the conditions laid down
for the validity of the pulse describing equations derived in Section 5.1 are met in only some of
the examined cases. It was found that a pulse following the pattern of the push-in drop tower
signal can be achieved with a clamp of small height and low impedance changes between the
impactor and the machine shaft. This suggests favouring impactors with a high slenderness
ratio and thus a small outer diameter and a large height. Other realisations may easily lead
to bending mode excitation like in the case of plate impactors or nearly rigid-body motion
like in the case of more compact impactors. Both should be avoided in order to create the
best possible basis for testing conditions and experimental evaluation.
In the course of investigating the influence of the experimental set-up geometry on the results,
additional finite element simulations showed that the achieved bond stress-slip relationship
might indeed be affected by different set-ups or rather different boundary conditions in the
experimental set-ups. Thus it comes that certain testing configurations induce successive
partial reflections and wave superpositions tantamount to an increase in the loading inten-
sity that showed to increase the achieved bond stress. The corresponding time range was
furthermore characterised by an increase in the slip rate which offered first indications for
the influence of the loading rate on the bond behaviour, which is analysed in more detail in
Section 6.1. At this point, it is sufficient to conclude that the experimental set-up may be
an influential factor to eliminate when more accurate comparisons between executions are
aimed at.
The elimination of this influence was possible with the use of the advantages numerical
methods offer over the experimental techniques that generally face feasibility issues. With
the improved conditions created, another finding is related to the differences between push-in
and pull-out. The results were in accordance with the literature and indicated that bond
loaded in the push-in mode showed either the same or slightly higher resistance than in the
case of pull-out loading. The same applies to the bond stiffness. However, no connection to
steel yielding or the Poisson’s effect could be documented, and an alternative explanation
was presented by referring to the volume of concrete material affected by the activated
compression cones.
Another conclusion that was already indicated in Section 5.1 suggests that slip should be
consistently measured either near the loaded or the free end of the rebar. Changes in the
method should be avoided, and ideally an averaging of local steel displacement before and
after the bond zone should be undertaken. Otherwise, the risk exists of misinterpreting the
apparent pull-out or push-in bond stress-slip stiffness difference as the intrinsic response.
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5.3 SPLIT HOPKINSON BAR
The current section is the third in a series of numerical case studies and experimental set-
up analysis. The new configuration is the last one involved in the investigation of dynamic
bond behaviour. It was introduced with the twofold aim to verify findings from the previous
two configurations and achieve even higher loading rates. Although based on the classical
split Hopkinson bar for dynamic material testing under compression, several modifications
to the conventional design were made to facilitate bond testing. Improvements coming with
the removal and the installation of additional parts are presented. Negative side effects
like the influence of dispersion are also discussed. From a numerical point of view, the
most significant development comes with the use of a second, more advanced, and complex
concrete material model, namely the Karagozian & Case (K&C) Concrete model - Release
III (*MAT 72R3). Its achievements are assessed and evaluated. Both a strain rate dependent
and an independent formulation are considered. The results are compared with experimental
data. Advantages and disadvantages over the formally used material model Soil and Foam
Failure (*MAT 14) are highlighted.
5.3.1 Introduction
Based on the loading rates achieved in the drop tower set-up, bond tests carried out there
are categorised in the range of intermediate to high dynamic executions. Before declaring
the findings presented in the corresponding Sections 5.1 and 5.2 as generally applicable to
other, similar conditions, it is meaningful to verify that they remain valid for experimental
set-ups other than the drop tower that was utilised until now. For this purpose and to
extend the experimental database to even higher loading rates, a new experimental set-up
was introduced into the project.
The classical split Hopkinson bar (SHB) was taken as a starting point for the construction
of a new experimental set-up. The initial arrangement underwent several changes in the
development process in order to meet the requirements of bond testing as identified in the
previous sections. Thus it came that some of the original SHB parts were removed, and new
supplementary ones were added. The current section starts by giving a brief overview of the
background of the split Hopkinson bar and continues by comparing its new and conventional
operating mode. Concerning numerics, the methodology of analysis is extended with the use
of a further concrete material model. The formulation concerned is the Karagozian & Case
(K&C) Concrete model - Release III (*MAT 72R3). It may be regarded as representative
of new, advanced but also more complex models that optionally consider strain rate sensit-
ivity. In line with the usual documentation, the calibration of the material model is given
first before its achievements and limitations are presented. A comparison is made with the
formally used *MAT 14 model and completed with available experimental results and the
state of the art knowledge in the field.
5.3.1.1 Experimental set-up and series of conducted tests
In the broadest sense, the split Hopkinson bar (SHB) is considered a device for the experi-
mental characterisation of the mechanical response of materials under high strain rates [23].
It is also widely known as Kolsky bar since it was Kolsky [72] who developed the first concept
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of it in 1949. It has nowadays evolved into a well established configuration with a whole
range of modifications including testing of the response under compression, tension [63, 115],
and shear [21, 39]. A wide variety of specimen types, loading, and evaluation techniques has
been developed as well.
Figure 5.30 shows the conventional split Hopkinson bar that is designed for testing under
compression. It consists of an impactor and two cylindrical bars between which the ac-
tual specimen is positioned. The load is introduced by the impactor hitting the first bar,
the so-called incident bar. A compressive pulse is generated and propagates longitudinally
through the system while getting reflected at the interfaces between different materials. As a
key component of the evaluation of the usually requested stress-strain response serve strain
gauges that are often positioned in the middle of the bars and monitor the whole procedure.
Figure 5.30: Schematic of a conventional split Hopkinson bar configuration used for testing un-
der compression.
Such a configuration was already at disposal at the time the scheduling of the last project
phase started. On that basis, the bond testing SHB version was not built up from scratch, but
rather emerged from the existing device. Essential parts like the horizontal bearing blocks
that support the cylindrical bars were consequently adopted. They suit a bar diameter
of 50 mm, which was taken over for both the final 3000 mm long incident bar and the
500 mm long impactor. To allow for higher stresses and prohibit early material yielding, all
parts initially made of aluminium were replaced by specially manufactured steel realisations.
Figure 5.31 presents the geometry and the boundary conditions of the final design.
Figure 5.31: Final SHB set-up for bond testing (all dimensions in mm).
As indicated in Figure 5.31, the concrete specimen form and dimensions used until now were
carried forward to the new series and thus remained unchanged. At the same time, the rebar
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parts protruding out of the concrete body were lengthened in order to increase the distance of
the bond zone to potential reflection interfaces. The protruding parts now measure 100 mm
to the left and 500 mm to the right rebar end, with the entire rebar length amounting to
700 mm. Last but not least a steel support plate was positioned behind the concrete body
in order to fix it in the horizontal direction.
Compared to the classical SHB configuration, the main differences come with the removal
of the second bar or rather the transmission bar and the insertion of an additional incident
bar. Neither change is regarded a major intervention into the basic operating principle of
the apparatus since the rebar part behind the concrete body easily performs the role of
the transmission bar, and the second incident bar may simply be regarded an extension
piece for the rebar. The latter is because both the material and the diameter of the second
incident bar match the ones of the reinforcing bar. When they are positioned such that
no intermediate space is left between them, reflections are theoretically delayed by a time
corresponding to the length of the inserted part. In this case, the length amounts to 1000
mm, which makes the distance of the bond zone to the next significant impedance change
many times larger than in the drop tower case, where disturbing effects of multiple wave
reflections and superpositions were recorded. The taken measure should conclusively have
the same effect as a long continuous rebar and is meant as an improvement to the overall
evaluation process. Which benefits it further entails apart from the wave reflection delay is
discussed in the section of analysis.
Finally, several experimental series were conducted. Note that the initial impact velocity
is this time, in the SHB, not limited to a certain drop height, as in the drop tower, but
dependent on the capacity of the installed gas accelerator to built up enough pressure and
apply it on the impactor. High loading rates were aimed at. They were eventually realised
with the achieved values kept high and in fact just below the threshold where steel yields.
All specimens failed in the push-in mode. The standard 100 mm cylinder specimen did not
exhibit any splitting cracks reaching the outer surface. If, and to which extent, radial cracks
occurred inside could not be assessed.
5.3.2 Finite element simulations
5.3.2.1 Methodology
Apart from the newly introduced *MAT 72R3, the methodology applied for the finite ele-
ment analysis of the bond tests conducted in the split Hopkinson bar (SHB) set-up did not
substantially differ from the one presented in Sections 5.1 and 5.2. The developed model was
again three-dimensional. The loading was introduced by the impactor hitting the incident
bar, whereby an initial velocity of 10 m/s was chosen as a reference. The meshing of the
decisive concrete and rebar parts matched the one of the models beforehand, whereas for
the remaining parts it was considerably coarser. An average mesh size of ≈ 5 mm substan-
tially benefited the time and storage space required for their calculation, since much larger
dimensions are involved here, especially with respect to the long incident bars. Table 5.6
summarises the number of elements used.
Total Impactor Incident 1 Incident 2 Rebar Concrete Support
461412 22176 133425 8375 8120 283628 5688
Table 5.6: Number of elements used for the SHB model.
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One of the first concerns of analysis was the specification of the total load introduced into
the system. Following the typical approach, analytical methods were used to predict the load
first, and the results were then compared to the computed data. Recordings representative
of the strain gauge signals in the middle of the incident bars were used for that purpose.
After having assessed the form and the duration of the introduced pulse, the analysis of bond
behaviour followed. Apart from *MAT 14, a second material model was proposed. With the
consideration of *MAT 72R3, the perspective on the experiments was aimed to be broadened,
and basic findings verified. Sections 5.1 and 5.2 elaborated a detailed report on the advan-
tages and disadvantages of *MAT 14. Under the so far investigated conditions, its benefits
were shown to offset the drawbacks. However, especially with the prospect of the paramet-
ric studies in Section 6, situations may arise that enhance the risk of misinterpretation. In
comparison to *MAT 14, *MAT 72R3 is somewhat more advanced, complex, and promising.
A detailed description of its operation mode was already given in Section 4.3.2.1, whereas
the procedure performed for its calibration is presented in the following. Both a strain rate
dependent and a strain rate independent formulation are considered. The achievements of
the two versions and the former material model are presented and compared both with each
other and with sets of available experimental data.
Calibration of the *MAT 72R3 model One of the most significant improvements of the
*MAT 72R3 material model as compared to its predecessor *MAT 16, see Section 4.3.2.1,
is the incorporated capability of automatic parameter generation. The option is enabled
by entering the requested uniaxial concrete compressive strength and leaving all remaining
entries but the ones necessary for unit conversion blanc. The option provides convenience to
the user since over 50 input parameters have to be specified otherwise.
The first trial runs with such automatically generated parameters did, however, not achieve
satisfying results in the case of use with the developed model. The aim of customisation
to the individual requirements of the tests was pursued, and an extensive effort was made
to improve the models performance. The procedure suggested by Schwer [148] was in this
regard found particularly practical. It foresees generating the default input with the uniaxial
compressive strength first, and then replacing some of the default parameters according to
the specific requirements. Note that the default input is stored and made available along
with the equation of state parameters in the automatically generated LS-Dyna “messag” file.
From there, it was copied and thereupon edited.
In the following, the interventions to the default input, resulting from the unconfined com-
pressive strength set to 35 MPa, are presented. They concern the three yield surfaces, the
uniaxial tensile strength, and the equation of state. To build on a proven concept, on the
one hand, and achieve well comparable results, on the other hand, calibration was done
similarly to *MAT 14. In the case of the yield surfaces, three points lying on the surfaces to
specify were used. They set-up a system of equations with a solution for the determination
of the parameters presented in Section 4.3.2.1. Starting with the maximum yield surface,
the points were chosen the same as for the calibration of *MAT 14, see Section 5.1. For the
definition of the initial yield surface, the lower two points were taken over, and the upper
one was scaled down according to suggestions by Joy and Moxley [70]:




The residual yield surface is lastly defined by two parameters only. The same amount of
calibration points is necessary. The most decisive point is the upper one which was, once
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more, the third calibration point of the reference maximal yield surface. This time the




calibration point was chosen at a pressure level corresponding to uniaxial compression, for
which a residual yield stress of σr = 0. 31 σm was accepted. The specification of the value
was the outcome of an optimisation process aiming at a relatively low residual yield strength
and the preservation of the concave curvature of the surface. Table 5.7 presents the used
yield surface parameters in tabular form.
Yield Maximum Residual
a0 0.007844 a0y 0.008727 - -
a1 0.412627 a1y 0.383 a1f 1.073507
a2 1.455909 a2y 5.205 a2f 0.150978
Table 5.7: Yield surface parameters used for the *MAT 72R3 model, as in Eq. 4.7, 4.8, and 4.9.
The last sets of tailored parameters regard the uniaxial tensile strength and the volumetric
hardening of concrete and were taken over from the calibration of *MAT 14. Note also
that an element erosion criterion that deletes elements when strains get excessively large
was inserted. In calibration to the experimental results, the erosion threshold principal,
volumetric, and shearing strains were all set to a maximal absolute value of 0.8 in order to
prohibit severe element distortions shown to appear otherwise.
As indicated before, two *MAT 72R3 input versions were considered. The second alterna-
tive one explicitly employed strain rate dependence, with all other parameters remaining the
same. The dynamic increase curve that was used was defined in line with the recommenda-
tions stated in the LS-Dyna manual [93]. A visualisation is presented in Figure 5.32. Note
that the specific values were taken over as a first approach, although they are supposed to
rather suit a 45.4 MPa than a 35 MPa concrete.
Figure 5.32: Strain rate dependent yield curve enhancement for the use with *MAT 72R3.
5.3.3 Finite element analysis results and discussion
5.3.3.1 Pulse evolution
Monitoring the shape and the intensity of the pulse that travels through the system is crucial
for the determination of the load that gets introduced into the specimen. For this purpose,
strain gauges are positioned on the bars, see Figure 5.31. Their distance to the specimen
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is relatively long. It is thus possible to assess the original shape of the pulse before its
interaction with the concrete in the bond zone.
In both previous sections, the pulse generated by the impact event was not only numerically
computed but also analytically calculated. Eq. 3.3 and 3.4 this time yield a rectangular
pulse with a duration of 0.198 ms and a plateau stress intensity of 198.12 MPa. This holds
for the first incident bar. With the transfer into the thinner second incident bar, the pulses
intensity should theoretically be increased by 192.3% (and lead to 381 MPa), whereas the
tensile reflection measured on the first incident bar should amount to 182.88 MPa. Figure
5.33 shows the numerical signals representative for the recordings of the strain gauges in
mid-length of the incident bars, see Figure 5.31. The signals were obtained with the use of
*MAT 14 and *MAT 72R3, respectively. The pulse computed for the first incident bar is in
both cases identical, whereas the one for the second incident bar differs. In the following, it
is shown directly connected to the transferred bond force and the pulse reflected at the bond
zone.
(a) *MAT 14 (b) *MAT 72R3
Figure 5.33: Stress histories at the mid-length of the incident bars (see Figure 5.31 for the exact
position of SG 1 and SG 2).
On closer inspection, the oscillations characterising the pulses appear much more pronounced
than in the case of the drop tower, see, e.g. Figure 5.8. In addition, the numerical pulse seems
to slightly change its shape while it travels through the system. Not only does the magnitude
of the mentioned oscillations increase over time, but the steepness of the pulses front simul-
taneously decreases. This is due to numerical dissipation and dispersion. The terms account
for artificial effects inherent in the numerical solution algorithm. Finite interpolation schemes
are used, and the results are therefore always subject to interpolation errors. These errors
lead to both dispersive and dissipative effects. The decay of the propagating wave is termed
as numerical dissipation, whereas numerical dispersion accounts for the gradual separation
of the wave into a train of oscillations [157]. The extent of both effects is dependent on the
accuracy of the solution which in turn depends on the mesh discretisation, the utilised time
step, and the wavelength or rather the frequency of the propagating wave. Coarse meshes
with relatively large distances between the integration points are especially problematic, and
the same applies to small wavelengths. Practical simulations will always, to a certain extent,
suffer from dissipation, wave dispersion, and disturbance of the theoretical wave propagation
velocity. Approximate knowledge of these effects facilitates the assessment of the credibility
of numerical data. The effects are therefore discussed in more detail in the following.
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Although the aspect of wave dispersion described above is purely numerical and an artifi-
cial side effect of the discretisation process, there is also a physical counterpart to it. It
might often be neglected in the experimental evaluation process, but a wave longitudinally
propagating through a bar always undergoes a certain shape change. This shape change is
called dispersion. To explain dispersion, it is essential to note that a typical pulse is most
commonly not composed of only one frequency, but a whole spectrum of frequencies. Each
component has its own wave propagation velocity which slightly deviates from the one given
by Eq. 3.2 for the case of perfect uniaxial wave propagation. These findings were stated in
publications by Pochhammer [126] in 1876 and by Chree [24] in 1889. Both investigated the
longitudinal wave propagation in bars and independently derived the exact formulation of
the wave equation for wave propagation in a theoretically infinite bar. Their equations relate
the wave propagation velocity of the longitudinal waves to the wavelength of each frequency
component. Due to the equations complexity, applicable solutions were not derived until
1941 [11] by Bancroft. Important is the fact that the low-frequency components of a pulse
are faster than the high-frequency ones. After propagating a distance, the high-frequency
components thus lag behind the low-frequency ones which leads to the distortion of the wave.
Figure 5.34 exemplary visualises the phenomena on a rectangular pulse.
Figure 5.34: Exemplary pulse dispersion, according to [23].
In the broadest sense of the term dispersion, another reason for it are the geometrical effects
of the radial inertia of the bar. They come automatically since due to the Poisson’s effect
longitudinal particle displacements and accelerations generate particle displacements and
inertia in the radial direction. These, in turn, lead to new longitudinal stresses interacting
with the original ones. The result is an additional change in the shape of the pulse.
Dispersion is generally dependent on the ratio of the bar diameter to the wavelength, with
small bar diameters being less prone to disturbances. In contrast to the frequency dependent
dispersion, radial inertia-induced dispersion comes up for both experimental executions and
numerical simulations. Either way, dispersion accumulates over distance and time and is
more severe in the case of waves propagating through bars of large diameters. With regard
to dispersion only, the drop tower thus offers better conditions.
5.3.3.2 Strain signals near the bond zone
With the shape and intensity of the introduced pulse assessed in Section 5.3.3.1, the analysis
of the bond behaviour follows. The strain gauge signals in closest vicinity to the bond zone
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are for this purpose decisive, as they contain valuable information about the transferred bond
force. Figure 5.35 presents the respective numerical signals in direct comparison to experi-
mental results. Note that the specific shape of the curve results from the superposition of the
incoming and reflected waves and has no immediate meaning for the bond behaviour. What
is interesting is that zoomed into the time axis, the pulse dispersion effects appear even more
severe. With regard to the frequency of oscillation, the degree of agreement reached between
simulations and experiments is surprisingly good. This agreement reinforces the assumption
that the influence of lateral inertia is, in this case, more decisive than the one of frequency-
dependent dispersion. However, the rise time of the numerically computed pulses is, for
both for the left- and the right-hand-side-simulation employing *MAT 14 and *MAT 72R3,
respectively, considerably longer as compared to the experimental one. The deviation is
attributed to the numerical effects discussed above and considered within acceptable limits.
(a) *MAT 14 (b) *MAT 72R3
Figure 5.35: Comparison between experimental and numerical strain histories (see Figure 5.31
for the exact position of SG 3 and SG 4).
Strains higher and lower than the pulse initially introduced into the rebar are shown in all
cases. Expressed in terms of force, the difference between them accounts for the contribution
of bond. The theoretical background to this context was explained in Section 5.1.4.1. At first
glance, the calibration of *MAT 72R3 on the base of the established procedure applied for
*MAT 14 indeed worked well, and the signals, obtained in the case strain rate dependence
is not considered, are in the same order of magnitude as results computed with *MAT 14.
When strain rate dependence is explicitly employed, the curves in Figure 5.35(b) considerably
exceed the scatter range provided by the experimental results. Whether or not this is of
importance for the bond stress-slip relationship is elaborated and discussed in the following
section.
5.3.3.3 Bond stress-slip relationships and measures to improve the quality of
experimental evaluation
The analysis of the overall bond stress-slip relationships follows. Figures 5.36(a) and 5.36(b)
show the curves corresponding to *MAT 14 and *MAT 72R3, respectively. In both cases,
the numerical data are presented as bold red lines, whereas bold blue lines show the average
response of the experimental SHB tests. The fine blue lines correspond to the individual
experimental executions. Note also that in the case of the numerical results, bond stress is
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not derived from the strain gauge signals using Eq. 5.17 but is directly calculated from the
contact force. Evaluation problems due to the time lag of signal acquisition between the strain
gauges are thus bypassed, and the numerical results are better comparable with the average
experimental response which showed to compensate individual over- and underestimations
of the bond stress.
Although wave dispersion is usually uncritical in the conventional SHB configuration, it may
markedly complicate the experimental evaluation of bond tests. First signs of proof for this
are presented in Figure 5.35. Methods to achieve a smoother signal were thus searched for.
The most frequently applied measure to keep dispersion under control involves a so-called
pulse shaper, which is nothing but a small piece of metal that is positioned on the front
surface of the incident bar. When the pulse shaper gets hit, its plastic deformation physi-
cally filters out the high-frequency components of the pulse. The result is a reduction of the
oscillations and an extension of the rise time of the pulse [23]. Note that the pulse shaper
was inserted in some of the later conducted SHB bond tests and facilitated the experimental
evaluation procedure without changing anything but the extent of discrepancy from the
perfect rectangular incident pulse. Since in the case of the simulation the signals required
for evaluation are directly available and not set out to the influence of measurement errors,
consideration of the pulse shaper is not profitable and was dispensed. Note also that the
metal piece is extremely filigree and inconvenient since associated with a significantly high
calculation effort. If explicitly required, the same effect could be artificially achieved by re-
ducing the Poisson’s ratio of the material the incident bar is assigned to. The numerical bond
stress-slip relationship is both with and without these measures comparable to the average
experimental response. For the comparison of strain histories in Figure 5.35, experimental
series prior to the introduction of the pulse shaper were, nevertheless, chosen.
Back to the numerical SHB bond stress-slip relationships, no significant differences are visible
when compared to the curves obtained in the drop tower set-up, see, e.g. Figure 5.13. With
the use of *MAT 14, in both cases, the maximal bond stress slightly exceeds 25 MPa, while
the slip value corresponding to it is just under 1 mm. The data computed with the strain
rate independent *MAT 72R3 formulation are similar. In later moments in time, however,
element erosion takes place and has a visible effect on the results. The results achieved with
the explicit incorporation of strain rate dependence are shown with a dashed bold red line in
Figure 5.36(b). Here, bond stresses get excessively high and by far outperform all previously
documented numerical and experimental results. Considering that the model is otherwise
calibrated using values at the lower range of the concrete strength class, the explicitly strain
rate dependent formulation seems unsuitable to adequately capture the dynamic specimen
response in this case.
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(a) *MAT 14 (b) *MAT 72R3
Figure 5.36: Numerical bond stress-slip relationships in direct comparison with averaged experi-
mental data and individual executions.
The question remains whether loading rates even higher than in the previous set-ups have
been achieved. Attention is therefore directed to the resulting slip and bond stress rates.
For *MAT 14, for which reference drop tower values were stated in Section 5.1, it turns out
that not only the bond strength is similar, but also the slip and bond stress rate. On that
basis and since impactor velocities slightly higher than the reference value lead to yielding
of steel, the gain in the form of higher loading rates was rather small.
5.3.3.4 Signal reproduction in the case of unforeseeable strain gauge failure
Regardless of the cause, technical strain gauge failure was quite often observed in the course
of the experimental tests. Since most signals are indispensable, loss of the strain gauges
signals may not only become unfavourable but actually detrimental to the whole evaluation.
Although still bothersome, a series of steps can be taken to mitigate for the loss of at least
some of the strain gauge signals. This was made possible by the insertion of the second
incident bar which eventually did not only help inhibit reflections but also allowed for the
separate recording of the pulse coming in and being reflected from the bond zone. These
recordings can be used to reproduce one of the two strain signals that are used on a standard
basis for the evaluation of the bond stress, see Eq. 5.17. The signal referred to is the one
measured directly before the bond zone and is actually nothing but the overlap of the wave
coming in and being reflected from the bond zone. In this sense, and since both mentioned
waves are available in their intrinsic non-overlapped state from recordings in the middle of
the second incident bar, the signal before the bond zone can be reproduced, if needed, by the
pulses retrospective superposition. In the case of the final numerical results, the reproduction
procedure works perfectly and delivers the almost exact same response as given directly by
the strain gauge above the bond zone. However, as indicated in Figure 5.37, problems arise
with regard to the experimental data and over-simplified numerical models. The reasons for
this are discussed in the following.
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(a) (b)
Figure 5.37: Strain histories in mid-length of the incident bars: (a) without and (b) with the
influence of bond and comparison between experimental and numerical data.
Attention is directed to the occasional peaks inherent in the signal in the middle of the second
incident bar. They are marked as“transfer leaks”and should not appear under the conditions
assumed for the analytical description of the pulses propagation in the system. The fact that
they nevertheless do is interpreted as a disturbance linked to the interface between the rebar
and the additionally inserted 1000 mm long thin bar. It turns out that even though both
are made of steel and share the same cross-sectional area, a fraction of the pulse actually
reflects at this interface. Small “transfer leaks” prohibit the transfer of 100% of the pulse
from one part into the other. From the experimental point of view, a possible explanation
for the phenomenon comes with insufficient contact due to uneven surfaces, friction effects
or even slight but decisive differences between the material properties of construction and
reinforcing steel. From the numerical side, equivalent reasons apply, and inaccuracies of
contact detection algorithms and treatments to handle nodal penetrations are determinant.
In contrast to Figure 5.33, where these leaks did not appear, the contact algorithms here had
a friction coefficient of 0 instead of 0.65 and did not account for modified critical time steps
due to contact. The resulting leaks are much more dominant in the experimental case, where
they showed a clear periodic behaviour. They were recorded with both positive and negative
signs in time intervals of 0.198 ms, which corresponds to the pulse duration and the length
of the second incident bar in terms of wave propagation time through steel. Conclusively,
even though a special effort was made to prohibit the early generation of multiple wave
reflections, and improvements were undeniably achieved, smaller scale problems arose. The
above-described strain gauge signal reconstruction method is thus still possible, but more
approximate.
5.3.3.5 Crack patterns and specimen state during loading
Analysis of the crack patterns computed with the use of *MAT 14 in Section 5.1 identified
the disadvantages of the model. It was shown that although the specimens did not display
any cracks reaching the outer surface in the experimental case, the numerical model showed
both too advanced transverse and radial cracks. In order to find out whether *MAT 72R3 is
in this regard an improvement, insights into the specimen were again undertaken. The first
visualisations consider the hydrostatic pressure and the effective strain state close to the time
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the maximal bond stress value is achieved. The results are presented in Figure 5.38(a) and
5.38(b), respectively, and strongly resemble the insights previously obtained with *MAT 14.
The lower concrete key is shown to break off relatively early. It contributes to the load
transfer during the first loading stage only. With regard to strain, values notably localise
near the reinforcing bar.
(a) Hydrostatic pressure (MPa) (b) Effective strain (-)
Figure 5.38: Stress and strain states computed with *MAT 72R3.
Crack patterns are presented by assessing the distribution of damage inside the concrete
body. This time, as indicated in the description of *MAT 72R3 in Section 4.3.2.1, damage
is expressed in a range of values between 0 and 2, whereby 0 accounts for completely intact
material and 1 for material just having reached the maximal yield stress surface. From
1 to 2, the load bearing capacity decreases steadily until the minimal state is reached.
First evaluated is the generation of transverse cracks. A cross-sectional view through the
specimen is therefore given in Figure 5.39(a). The crack initiating from the first steel rib
again propagates to the largest extent. Transversal cracks spread no more than in the
presented state and stay relatively close to the rebar. In Figure 5.39(b) damage is presented
with the use of an isosurface visualisation that considers the specimen as a whole. Values
between 1.8 and 2 show severe damage only. The cracks that attract the most attention
are the transverse ones that were already presented in Figure 5.39(a). In comparison to the
*MAT 14 case, radial cracks were found much less pronounced. The most noticeable ones
are located near the first concrete rib, which bears the largest loading.
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(a) Fringe contour plot (b) Isosurface plot
Figure 5.39: Damage state close to the time the maximal bond stress is achieved.
*MAT 72R3 seems to capture the push-in mode of failure achieved in the experiments more
accurately than *MAT 14. However, since detailed insight into the actual experimental
specimens was not feasible, it certainly cannot be excluded that an intermediate state applies,
and radial cracks occur, but do not spread too widely. Note that radial cracks did not appear
with the use of the *MAT 72R3 model in this particular case, but they nevertheless did when,
e.g. concrete was calibrated differently, or the concrete cover was less.
5.3.3.6 Support reaction forces
The support reaction force versus time curves are presented for the new set-up in Figure 5.40.
The aim of their investigation is, this time, not to explore the physical interrelations with
inertia as such, but to provide an indication of the order of magnitude the maximal recorded
reaction force reaches when *MAT 72R3 is used instead of *MAT 14. For a sketch of the
experimental set-up see Figure 5.31. As shown in Figure 5.40, both the values computed
with *MAT 14 and *MAT 72R3 are quantitatively well comparable. That the peaks are
time-wise not in agreement is probably due to different handling of the material stiffness.
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(a) *MAT 14 (b) *MAT 72R3 without strain rate dependence
Figure 5.40: Bond and support reaction force versus time curves.
5.3.4 Conclusion
In this section, a new experimental set-up for the investigation of dynamic bond behaviour
was introduced and numerically analysed. The configuration emerged from the classical
split Hopkinson bar and was modified to the requirements of bond testing. Its horizontal
arrangement showed to provide a series of advantages as compared to the previous set-ups.
Structural stability concerns of the rebar were no longer an issue, and much of the “wave
chaos” reported in Section 5.1 could be avoided. The pulse propagating through the system
was monitored during the execution, and separate recording of the pulse coming in and being
reflected from the specimen was achieved. This allowed mitigating for the potential loss of
at least some of the strain gauge signals that are necessary for the test evaluation. Despite
the mentioned benefits, negative effects due to wave dispersion appeared. Although they
had no adverse effect on the numerical data, their influence on the experimental recordings
was unfavourable and disturbing, and was in later series counteracted by the insertion of a
pulse shaper.
With regard to the initial aim of extending the database to executions at even higher loading
rates, no considerable gain was achieved. Steel yielding was shown to put an upper limit
on reasonable initial impactor velocities. The new configuration instead contributed to the
generalisation of the findings presented in the previous Sections 5.1 and 5.2. It was shown
that dynamic bond behaviour is indeed not overly sensitive to the outer boundary conditions,
although the influence of the particular set-up geometry on the signals has to be accounted
for.
From the numerical side, a new perspective was inserted with *MAT 72R3, which performed
in many ways similar to the formerly used *MAT 14. Strain histories, bond stress-slip
relationships, and relevant stress and strain states inside the concrete specimen were found
quite similar, which strengthened the earlier presented findings. Without the consideration of
strain rate dependence, both the old and the new version of the rib scale model provided data
prevailingly lying inside the scatter range given by the experiments. Explicit consideration
of strain rate sensitivity, on the other hand, was not found suitable at least for the use under
the given conditions. Calculations with this option enabled computed data that consistently
exceeded all previous numerical and experimental results.
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Lastly, in order to determine whether *MAT 72R3 also exhibits the same weaknesses as
*MAT 14, insights into the concrete body were undertaken. They revealed that the cracks
featured by the new model were not as advanced as those resulting with the use of the former
one. In that sense, *MAT 72R3 is an improvement which seems to capture the experimental
failure mode more accurately. Its disadvantages were on the other hand identified as the
disproportionately high customisation effort and the element distortion appearing in the
case erosion criteria were not applied.
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Chapters 2 and 3 elaborated a comprehensive literature review on concrete, reinforcing steel,
and the bond between them. A concluding assessment reveals that comparably few data have
been published in the field of bond under dynamic loading conditions. Relevant experimental
results are, moreover, subject to a broad scatter range that is not at least considered the
result of transient wave propagation phenomena and the heterogeneity of concrete. For bond
tests under static loading, numerous parameters like the concrete type, the concrete cover,
and the confinement stress were recognised as influential. Similar effects may be expected
but have not yet been confirmed under dynamic loading. The difficulty of establishing clear
causal relations between the overall bond behaviour and influential factors is, in this case,
aggravated by the fact that the respective experimental data are seldom comparable. Since
no strict guidelines are provided for dynamic test execution, results from different research
institutions and laboratories are usually derived from very diverse experimental set-ups under
very diverse conditions. Another issue comes up with the measurement technology, which is
a lot more sensitive and prone to failure when calibrated for the use under dynamic loading.
Conclusively, clear and accurate understanding of the load bearing mechanisms involved
during impact on reinforced concrete structures or components of structures is not given.
It is, nevertheless, regarded an essential prerequisite for the estimation of their dynamic
load bearing capacity. The same holds for their dynamic loading-resistant dimensioning in
the first place. There are many gaps in the general design rules that need to be filled by
investigations and developments.
Chapter 5 introduced the rib scale model that was developed to analyse the bond behaviour
numerically. It presented the numerical case studies and provided results that support the
applicability of the finite element model as a solid basis for numerical parametric studies.
Although certain discussed limitations exist, the model was found reasonably accurate for
various examined cases and showed good agreement with the experimental data. It fur-
thermore provided enriching insight into the local specimen state. It visualised stress and
strain distributions as well as crack formation and orientation that were in good qualitative
agreement with the state of the art in the field.
The current chapter derives further benefit from these model qualities. Parametric variations
are carried out. They aim to complement the numerical case studies and extend the percep-
tion of the bond behaviour to a wide range of conditions. On the basis of otherwise consistent
assumptions and boundary conditions, the finite element model described in Chapter 5 is
employed to assess the effect of changed parameters, e.g. the loading rate, the concrete type,
and the confinement stress. The prime goal is to identify and confirm influential factors,
document the corresponding tendencies, and assess their extent. As a positive side effect,
many of the drawbacks associated with experimental testing and evaluation, e.g. natural
variability and differences in the quality of single specimens and whole specimen series, are
overcome.
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6.1 INFLUENCE OF LOADING RATE
The current section deals with the core research question of whether and which dependence
exists between the overall bond behaviour and the rate of the applied loading. A comprehensive
finite element parametric study is conducted to assess answers. The numerical rib scale
model presented in Chapter 5 is used as a base, and numerous simulations with loading
rates ranging between quasi-static and high dynamic are carried out. Set-up changes and
further disruptive influences like natural specimen variability are eliminated, and the isolated
effect of the loading rate is captured. Examined are the bond strength development over
the loading rate, different definitions of loading rate and the correlation between them, the
damage distribution inside the specimen, the bond stress-slip relationship as well as the energy
absorption capacity. The results are systematically presented and analysed. Loading rate
dependent characteristics are identified, and changes are discussed with reference to the strain
rate independent material formulation that was used.
6.1.1 Objective
In Chapter 5, a series of numerical case studies on dynamic bond behaviour were conducted.
The respective results comply with the current state of knowledge in the field. They show
satisfactory performance and good agreement when compared with the available experi-
mental data such that a base for the prediction of bond behaviour under varying conditions
is created.
First among the parametric studies concerns is the investigation of the loading rate effect.
In this regard, research attention is explicitly directed to the identification of loading rate
dependent characteristics. It is recalled that, if examined individually, both concrete and
steel show a more or less evident increase of strength under dynamic as compared to static
loading. Up to now, comparably few studies investigated the effect high loading rates have
on the bond between them. The experimental data that are available indicate that an
increase of strength or rather resistance also comes up for bond. However, very divergent
outcomes have been stated as regards its extent. It ranges from hardly noticeable changes
up to increases of 200%. More background information on the respective investigations and
the results were provided in Chapter 2. Debate exists about the correct data evaluation
method, the results interpretation, and the consideration of scattering. Apart from that, no
concluding consensus is reached about the causes of the strain rate or rather loading rate
effect.
The work presented herein aims to provide a numerical contribution to the investigation
of the loading rate dependent behaviour of bond. Systematic numerical parametric studies
are conducted and consider loading rates that vary widely between quasi-static and high
dynamic. As a first step, changes on the overall bond response are identified and quantified
as loading rate dependent characteristics. Possible underlying causes of the changes are
thereupon examined. Based on the findings of the first step, it is then discussed and read-
dressed if and to which extent these changes constitute intrinsic material or mainly structural
properties of the system. First preliminary results on the above issues were published in [122].
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6.1.2 Engaged experimental set-ups
The experimental data used within the frame of validation of the numerical results were
measured in the course of a experimental project that was conducted in parallel, see [97].
The experimental project aimed to collect and compare bond test results over a wide span of
loading rates ranging between static and high dynamic. Attention was thereby at all times
paid in ensuring that no fundamental changes were undertaken for the switch-over between
static and dynamic testing configurations. The concrete type and mix, the specimen size and
shape, the bond zone length and location as well as the nominal diameter of the ribbed rein-
forcing steel bar were kept the same all through the project. Minor changes in the boundary
conditions were nevertheless necessary since experimental set-ups engaged on executions un-
der static conditions are not easily also applicable for testing under dynamic loading and vice
versa. The comparability of results achieved within this particular experimental study can
nevertheless be considered improved, as compared to the inconsistency of results achieved
across different research institutions and laboratories.
Figure 6.1 shows the experimental set-ups engaged in the project. Two of them were used
for dynamic testing and were already described in Chapter 5. The first one is the drop tower.
It is shown in Figure 6.1(b) in the push-in configuration. The corresponding executions can
be placed in the range of intermediate to high loading rates when put in perspective with
published literature data. Technical restrictions provided an upper limit for the achievement
of higher values. For the upward extension of loading rates, the modified split Hopkinson
bar (SHB) was designed and constructed. It is shown in Figure 6.1(c). The highest achieved
loading rates in the framework of the project were realised with its use, see Section 5.3.
Numerical analysis was carried out to evaluate the comparability between results achieved
with the drop tower and the SHB, respectively. The investigation revealed sufficiently similar
results when similar loading rates are considered. Slight differences were identified as the
consequence of changes in the duration, the intensity, and the shape of the introduced pulse.
As outlined in Section 5.3, the main objective in the design of the SHB was to prohibit the
generation and superposition of multiple wave reflections for the longest time possible. This
could largely be achieved yet while disadvantages emerged elsewhere: The wave was forced
to propagate a longer distance through the system, and dispersion effects were found more
pronounced. Expectedly thus, similar but not identical results were obtained.
Static testing provides reference values for comparison with the dynamic results. A servo-
hydraulic loading machine, shown in Figure 6.1(a), was used for this purpose. The load was
introduced in a displacement controlled way. In the experimental case, a loading velocity of 50
mm/s was investigated in addition to a loading velocity of 0.01 mm/s, which is recommended
by RILEM [138]. Although the first mentioned velocity is by a factor of 5000 higher than the
loading velocity of 0.01 mm/s, both executions are considered static or rather quasi-static
and not yet in the dynamic range.
6.1.3 Methodology
An outline of the numerical parametric study is given in the following. Both phenomenolog-
ical finite element models at the bar scale and detailed models at the rib scale are utilised.
Special issues arising for quasi-static simulations and limitations regarding the considered
loading rate range are addressed. More background information on the incorporated material
models is also given.
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(a) (b) (c)
Figure 6.1: Utilised experimental set-ups: (a) servo-hydraulic loading machine, (b) drop tower,
and (c) split Hopkinson bar.
6.1.3.1 Outline of the parametric study
Different finite element models were developed in the course of this study. Figure 6.2 gives an
overview of the most important ones. They include models already examined in Chapter 5.
There, however, only some of the models were given distinguishing names, see last but one
column. For the use in the current parametric study, new abbreviations are introduced. They
are marked on the right-hand side in the last column. In the new abbreviation system, the
first letter represents the analysis approach. A division is made into the class of simplified
phenomenological models at the bar scale, characterised by S.x.x and the class of detailed
models at the rib scale, characterised by D.x.x. The second letter stands for the respective
experimental set-up: the servo-hydraulic testing machine (x.Q.x), the drop tower in the
reference push-in configuration (x.D.x), and the split Hopkinson bar (x.S.x). The third
letter names the material assigned to the reinforcing steel. Depending on whether the rebar
is modelled as linear-elastic or elastic-plastic exhibiting yielding, the models are divided into
the x.x.E and the x.x.Y class. For the rib scale models, *MAT 14 was used at all times since
*MAT 72R3 was not found appropriate for numerical parametric studies involving different
loading rates, see Section 6.1.4.1.
The S.x.x series of models account for the simplest of all classes. Simplified phenomenological
modelling of bond at the bar scale is involved. In this case, linear-elasticity is implemented for
both concrete and steel, since preliminary comparative studies concluded that implementing
more complex material models does not noticeably change the simulation outcome. Linear-
elasticity was hence chosen to reduce the computation cost to a minimum.
The D.x.x series of models involve detailed modelling at the rib scale. Model D.D.Y was
described in detail in Section 5.1, where it corresponded to model c). Note also, that all
D.x.E models treat the steel part as linear-elastic and do not consider steel yielding. This
is more interesting from a theoretical than from a practical point of view, since typical
reinforcing steel yields at a stress of ≈ 500 MPa. Elasticity is nevertheless of research
interest. It extends the elastic deformation range of the rebar and serves to further highlight
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Figure 6.2: Overview of the utilised models.
and emphasise loading rate dependent characteristics. Yielding, on the other hand, will be
shown to put an upper limit on the force introduced into the concrete part. Depending on
the definition of loading rate, it will also be shown to put an upper limit on the loading rates
themselves.
In the course of the numerical parametric study on the loading rate effect, all dynamic
simulations were conducted using the model series x.D.x, which account for the drop tower
in the push-in configuration. The split Hopkinson bar was excluded from the parametric
study. This benefited the consistency of the dynamic results since the same model with
simply changed load application rate was used. The analysis was thus not only decoupled
from the statistical variance of specimen quality but also eliminated those minor differences
that were shown to arise with the change of the experimental set-up.
A wide range of loading rates is finally analysed. It includes quasi-static simulations and
dynamic ones, with the first being displacement controlled and the second controlled on the
base of impactor velocities, extended up to 50 m/s. Analysed are bond strength values. A
distinction is made between the actual and the apparent bond strength. Tracking the error
magnitude of bond strength evaluated in line with common approaches assuming static
equilibrium conditions and actual bond strength is thus enabled. The actual bond strength
is evaluated on the base of the maximal vertical contact force at the interface between
concrete and steel. Its direct assessment is provided in the case of numerical modelling only.
The apparent bond strength, on the other hand, is evaluated on the base of the maximal
computed vertical contact force between the concrete specimen and the support plate. It
agrees perfectly with the actual bond strength within the static testing range but deviates
from it in the dynamic testing range, where the reaction force was shown to include inertia
forces connected to the concrete specimen acceleration, see Section 5.1.4.3.
107
6 NUMERICAL PARAMETRIC STUDIES
6.1.3.2 Supplementary simulations incorporating element erosion
Element erosion was also tested. It was already shown in Section 5, that despite its advan-
tages, the *MAT 14 model is subject to certain limitations regarding crack growth. While
crack formation and orientation initially correspond to the expected patterns, cracks appear
too wide in later moments in time. This may not be problematic in the reference case where
the dynamic analysis focuses more on the sequence of events until failure than the post-
failure behaviour, but might be important for the parametric study in case the outcome is
significantly affected.
Element erosion may introduce a solution to some numerical problems, e.g. when large
element deformations reduce the calculation time step too heavily. Element erosion can also
be used to enhance the capacity of a finite element model to simulate specific types of failure.
Different erosion criteria and limits can thereby be used. They include strain, stress, and
damage criteria.
The performance of a rib scale bond model is significantly dependent on the incorporated
concrete material model. By reviewing the features of *MAT 14, following benefits stand out:
(a) variation of hydrostatic pressure as a function of volumetric strain, (b) the possibility
of flexible customisation of the yield surface according to the requirements of the user, (c)
pressure cut-off for tensile failure, and (d) the fact that the ability to transfer compressive
forces is not lost after failure in tension. For more details, see Section 4.3.2.1. Drawbacks
can be found in the brittle loss of resistance, which considers no residual strength after
cracking and the overestimation of shear load transfer across crack planes. The simplest and
quickest way to improve the performance of the model in regard to achieving more realistic
crack patterns is to counteract these weaknesses. This was tested by incorporating element
erosion with an ultimate shear strain as the failure criterion. Different strain limits were
tested, and trial calculations were run. A value of 0.15 was then chosen since it showed the
best results and worked as a compromise between the achievement of correct crack patterns
and satisfying overall bond performance.
6.1.3.3 Remarks on quasi-static simulations
While dynamic bond test executions have been described, modelled, and analysed in detail in
Chapter 5, little attention has so far been paid to static and quasi-static executions. Special
issues have to be taken into account here. They are associated with the nature and the
differences between implicit and explicit finite element methods. In general, the decision
over which solver type to use is dependent on the category the treated problem is classified
in. In this respect and from a physical point of view, three types of problems can be defined:
static, quasi-static, and dynamic ones. They can be distinguished with regard to the amount
of kinetic energy. In static problems no kinetic energy is exhibited, while for quasi-static
problems kinetic energy is considered insignificant when compared to the total amount of
energy. In dynamic problems the kinetic energy accounts for almost the bulk of the total
energy. As a general guideline, implicit methods should be considered for static applications
and explicit methods for dynamic ones. In the transition area between them, both solver
types can be used, see Figure 6.3.
A more detailed description of implicit and explicit methods, their common features and
differences was given in Section 4.1.5. As already stated there, explicit methods are subject
to certain restrictions on the time step, while implicit methods can be made unconditionally
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Figure 6.3: Suitability of implicit and explicit methods for simulations in different time do-
mains.
stable, e.g. when linear-elastic materials are considered. Explicit time steps are usually sev-
eral orders of magnitude smaller than implicit time steps, which by contrast have no inherent
limit on size. In dynamic analysis, time dependent stress and strain signals are requested
key data of the analysis, which explains why explicit methods, i.e. methods incorporating a
large number of time steps with a comparably small computational cost are preferred over
implicit methods, which are suitable for the exact opposite, i.e. static analysis.
The main focus of this work concentrates on the dynamic analysis and the treatment of wave
propagation problems. A fine time resolution is required to capture the involved phenomena,
and explicit finite element methods are more convenient since the respective time step is
anyway small. Efficiency issues arise, however, when an explicit simulation is run in the quasi-
static range. Time and mass scaling are two recommended ways to counteract these issues
and limit the simulation time. In the case of time scaling, the load is applied more quickly
than in the actual quasi-static experiment. Mass scaling refers to the second technique. Here,
non-physical mass is added to the model in order to achieve a larger explicit time step. This
works, since material density and wave propagation velocity are inseparably linked to the
critical time step size given by the Courant-Friedrichs-Lewy stability condition [28]. Mass
scaling can be performed either to a complete part by increasing its global density or to
selected elements that are smaller than the average element.
In the course of this study, it was decided to stick to the explicit LS-Dyna solver and exhaust
its possibilities. For quasi-static problems, care was taken to achieve a very small kinetic
energy in relation to the internal deformation energy. The mass scaling method was omit-
ted since the parametric study results would most probably be affected by artificial inertia
forces. What was used is the time scaling method. In this sense, the slowest numerically
investigated loading rate amounted to 50 mm/s, instead of 0.01 mm/s which was the slowest
experimentally investigated loading rate. On the experimental side, displacement controlled
executions with 50 mm/s correspond to fast quasi-static loading rates and already featured
increases as compared to displacement controlled executions with 0.01 mm/s. On the nu-
merical side, by contrast, decisive quasi-static energetic criteria considering kinetic energy
and acceleration were fulfilled, and indications arose that no further changes would have to
be expected for lower loading rates.
The numerical model for the quasi-static simulation was again created with the actual ex-
perimental set-up as a template. Here, the load is no longer introduced by the impactor
hitting the rebar but by an imposed motion, applied in a displacement controlled manner
on a set of nodes. This set is defined in advance at the upper or the lower end of the rebar
depending on whether push-in or pull-out experiments are conducted. Note also, that the
quasi-static model was not newly meshed from scratch but was rather derived from the ref-
erence drop tower model in order to achieve a strong consistency in treatment. Using the
same mesh was not that critical for the global bond stress-slip relationship, but decisive for
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the exact comparison of crack patterns and the quantification of damage that is presented
in Section 6.1.4.3.
6.1.3.4 Remarks on dynamic simulations
The strain rate or rather loading rate effect has long been a major area of interest in the
field of dynamics. Different hypotheses have been formulated about the physical mecha-
nisms connected to it. In the case of concrete, which behaviour is assumed to strikingly
influence the bond characteristics [64], the strain rate effect has been connected to both
material properties and the structural response of specimens. The first category includes the
viscosity of hardened cement paste [141] and the retarded crack growth [130], while for the
second category friction and confinement effects are considered [86, 177, 26]. Nevertheless,
no consensus has been reached.
In view of these issues and contradictions, the adopted numerical approach purposefully in-
corporates strain rate independent material models. This ensures a clear distinction between
loading rate dependent characteristics emerging at the material level and those associated
with the structural response of the system in the experimental set-up. It implies that all
potential changes to the reference case presented in Chapter 5 arise on the structural level
and cannot be interpreted as material properties. Note that strain rate independent con-
stitutive equations operate without detriments to dynamic loading characteristics, hence
covering stress wave propagation, impact load transfer, and dynamic equilibrium conditions.
6.1.3.5 Loading rate definition
No perfect agreement exists on the exact definition of loading rate in the case of bond.
A widely established method in the field of the investigation of the dynamic behaviour of
concrete is the loading rate definition expressed in terms of strain rate (1/s). The strain rate
approach is, however, not convenient in the case of bond. Two things must be considered:
First, the distribution of strain in the concrete specimen is by no means constant but rather
highly inhomogeneous in both space and time. Second, on the experimental side, strain
signals can only be obtained from strain gauges, which again can only be positioned on the
reinforcing steel bar surface near but not directly in the bond zone. Anyway, the working
principle of reinforced concrete is force transfer which requires relative displacement between
concrete and steel, i.e. strain discontinuity. No conversion factor can thus be applied to
assess concrete strain signals on the base of steel strain recordings. In the framework of
bond investigation, loading rate definition in terms of concrete strain rate is therefore not
established.
With strain rate not being the appropriate measure, the first approach to define the loading
rate alternatively comes with the loading velocity, which can be defined as the impact velocity
in the case of dynamic testing and the machine cross-head velocity in the case of quasi-static
testing. The numerical parametric study results can be presented as a function of this
parameter, which can unambiguously be defined to a precise value.
The loading velocity can, nevertheless, vary significantly depending on the chosen experi-
mental set-up. Therefore, the need exists to deliver a comparative framework for rating re-
sults achieved across different research programs. Nowadays, defining loading rate in terms
of bond stress rate is a common practice. It gained ground in the early bond investigation
community, see for instance [64, 164, 163, 174]. However, bond stress rate is not constant
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over time. It rather changes considerably within the course of the execution, especially if
evaluated as the first time derivative of bond stress, see Figure 6.4(a). At this point, a
standardised bond stress rate definition is introduced. It shall apply for all time ranges, re-
solve the difficulty of time variability, and be valid throughout the current numerical study.
According to its definition, a representative bond stress rate value is assessed as the average
increase of bond stress over the time interval between the achievement of 10% and 66.67%
of the bond strength. The values are chosen more or less arbitrarily in view of the generally
linear curve characteristic in the respective bond stress-time relationship. Numerous alter-
native definitions are possible, and each of them would result in a slightly different value.
The bond stress rate indicated by the dashed line in Figure 6.4(a) is therefore rather a guide
value for the order of magnitude of the bond stress rate.
(a) Bond stress rate (b) Slip rate
Figure 6.4: Loading rate definition.
Another widespread loading rate type used for bond is slip rate. It can be evaluated as the
first time derivative of slip and varies in time just as the bond stress rate does. The slip
rate does not necessarily correspond to the cross-head machine or initial impact velocity. In
Section 5, slip was defined as the averaged steel displacement in the bond zone. It increases
rapidly when the wavefront reaches the measurement points and stays quasi-constant for
the duration of the generated ideal rectangular pulse when no boundaries are encountered.
This is not the case in the analysed reference scenario given in Figure 6.4(b). Two sorts of
boundaries determine the slip rate signal here: The first one is the bond zone itself, which
slows the motion of the rebar down below the theoretically expected value for the case of no
force transfer due to bond (equivalent to model b) in Section 5.1.3.1). The second boundary
is the lower free end of the rebar, that results in a wave reflection and doubling of the particle
velocity, see Figure 3.4. In the context of the present study, slip rate is defined as the average
increase of slip during the very first reflection cycle in the impactor. The first cycle is the
one that characterises the experiment since bond failure is achieved during it.
6.1.4 Finite element analysis results
6.1.4.1 Presentation of data
Figure 6.5 shows performance characteristics of the simulations conducted in the course of
the parametric study on the influence of loading rate. Bond strength is expressed in the
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form of a dynamic increase factor (DIF) and is presented as a function of the loading rate.
The black colour markers indicate the actual bond strength evaluated directly on the base
of contact forces between concrete and steel, whereas the red markers indicate the respective
apparent bond strength evaluated indirectly on the base of the support reaction force. In
both cases, peak dynamic force values are put into ratio with the quasi-static peak force.
Three different loading rate types are considered, and a semi-logarithmic scale is chosen
to cope with the large investigated intervals. At the outset in Figure 6.5(a), the results are
presented depending on the loading or rather impact velocity. This is the machine cross-head
displacement velocity in the case of quasi-static and the initial impact velocity in the case
of dynamic testing. Figure 6.5(b) shows the exact same results with bond stress rate on the
horizontal axis. The results are lastly given depending on the slip rate in Figure 6.5(c).
With the colour code and the horizontal axis explained, the marker types follow. The star (⋆)
marker accounts for model D.Q.E and thus results obtained with the rib scale approach, the
servo-hydraulic testing machine model, and steel considered as linear-elastic. The D.Q.Y
model is bypassed in the quasi-static range since differences due to yielding were shown
to arise in the dynamic range only. Further on, the circle (o) and asterisk (*) markers
account for results computed when employing the rib scale approach, the drop tower model,
and *MAT 1 (model D.D.E) and *MAT 24 (model D.D.Y) for the reinforcing steel part,
respectively. The simplified bar scale approach is lastly represented by the S.Q.E and the
S.D.E model with the diamond (⋄) and the box (2) markers, respectively.
The data show that the results achieved with the simplest of all model series, series S.x.E, do
not reveal any dependence on the loading rate. The bond strength remained almost constant
across all loading rates, from quasi-static to high dynamic ones.
Checking trends is continued with the detailed rib scale model. It initiates with a look at
model D.D.E, where the impact event and the elastic steel material model were employed.
The initial impactor velocity accounts for a range between 0.5 and 50 m/s. The execution
with an initial velocity of 8.278 m/s is especially highlighted to provide a reference. The
maximal bond stresses computed with the use of both the actual bond force and the load cell
reaction force report an increase with increasing loading velocities, with the increase of the
bond stress computed with the use of the load cell reaction force being more pronounced.
The dependence between bond strength and initial impact velocity is more pronounced in
the case of pure elastic steel deformation than in the case of steel experiencing yielding.
Figure 6.5 shows that steel yielding sets a limit to the documented dynamic increase factors.
The same holds for the achievable bond stress and slip rates.
The last set of results regards the ones obtained by employing the displacement controlled
configuration. The nodal velocities applied to the nodal set at the free rebar end vary between
50 mm/s and 3 m/s. When the loading rate decreases, the gap between the maximal support
force and the actual bond force diminishes gradually. At a loading rate of 50 mm/s, the black
and red star almost exactly overlay.
Note that the supplementary simulations incorporating element erosion were excluded from
the presentation. Although they achieved satisfying results regarding crack patterns and
maximal bond strengths in the dynamic reference scenario, unrealistic values were docu-
mented under different conditions. Depending on whether the loading was de- or increased,
the bond strength was much lower, respectively, higher. Overall, excessively high dynamic
increase factors were documented. This is also the reason why *MAT 72R3 was not included
in the numerical parametric studies.
112




Figure 6.5: Results overview on maximal bond and load cell force in dependence of impact ve-
locity, bond stress rate, and slip rate, respectively.
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6.1.4.2 Correlation between loading rate types
Figures 6.5(a), 6.5(b), and 6.5(c) bear a similarity to each other. In order to capture the
correlation between the different loading rate definitions more precisely, Figure 6.6 is intro-
duced.
Bond stress rate is plotted as a function of loading velocity in Figure 6.6(a). The results show
that as the loading velocity increases, the bond stress rate increases almost proportionally to
it. The tendency changes once steel yields. From a certain point on, bond stress is more or
less constant. By contrast, increases in the initial impactor velocity steadily provide increases
in the slip rate, although the rate of slip growth decreases in relation to the impact velocity
increase. The respective curve thus becomes flatter. Bond stress rate is lastly presented
over slip rate in Figure 6.6(c). Bond stress increases proportionately to the slip rate in the
pre-yield stage of steel reinforcement and becomes constant from then on. A cluster of values
is eventually achieved, due to the slow rate of slip increase beyond steel yielding.
6.1.4.3 Qualitative and quantitative assessment of damage
The D.x.x series of models is the one focus lies on. It showed the strongest performance and
the best agreement with the experimental data. It is furthermore the one that allows the
most direct evaluation of damage, which is of interest since damage distribution is also often
correlated to the rate of the applied loading.
Figure 6.7 illustrates the damage or rather the specimen crack patterns for various loading
rates ranging between quasi-static and high dynamic. Linear-elasticity is regarded for steel
in order to highlight correlations between loading rate and concrete damage. Note that the
term damage is not used in the framework of its classical definition as a scalar value ranging
between 0 and 1, but rather as the *MAT 14 history variable #1, which stores the residual
element tensile strength in terms of hydrostatic pressure. Its distribution is given for the
quasi-static execution, characterised by an imposed nodal velocity of 50 mm/s, in Figure
6.7(a) and for the dynamic executions characterised by impactor velocities between 10 m/s
and 50 m/s in Figures 6.7(b) to (f). Visualised is in all cases the moment of maximal bond
stress achievement.
The results show that the higher the loading rate gets, the more advanced are the transverse
cracks as compared to the radial ones. This goes so far that a change in the failure mode
is indicated. Low loading rates come with failure in the splitting mode with the specimen
being divided into three roughly equal parts. High impact velocities are characterised by
considerable damage near the bond zone. Here, the crack patterns appear more “frayed” and
multiply cracked. It seems that for low impact velocities the damaged volume is smaller than
for higher ones. A comparison with the simulations incorporating steel yielding showed that
after yielding of steel is initiated at ≈ 9 m/s to 10 m/s, not only the bond strength remains
constant, as indicated in Figure 6.5, but also the distribution of damage does not further
change significantly.
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Figure 6.6: Correlation between different loading rate definitions.
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(a) 0.05 m/s (b) 10 m/s
(c) 15 m/s (d) 20 m/s
(e) 40 m/s (f) 50 m/s
Figure 6.7: Distribution of the history variable #1 (MPa) at the moment of maximal bond
stress achievement in dependence of the machine or impactor velocity.
116
6.1 INFLUENCE OF LOADING RATE
6.1.4.4 Bond stress-slip relationship
Turning now to the bond stress-slip relationships, Figure 6.8 is presented. It shows the curves
that correspond to the executions presented in Figure 6.7.
Three execution categories are differentiated, and each one is marked with another colour.
The quasi-static execution with the lowest of all considered loading rates is given in black.
Intermediate dynamic loading rates are marked in blue, and the highest of all loading rates
are presented in red.
Closer inspection of the curves reveals that the quasi-static execution falls out of the series
as it is characterised by a sudden drop of bond stress, which is a typical feature of curves
describing slitting failure. The blue series are characterised by a post-peak behaviour typical
for pull-out or push-in failure. The red series of curves regards the highest analysed loading
rates. Here, the bond stress scarcely decreases after it has reached its maximum. As already
shown in Figure 6.5, the bond stress is increasing with increasing loading rates. The bond
stress-slip curves now illustrate that not only the achieved bond strength increases with
increasing loading rates but the initial bond stiffness increases too. The slip value at which
the maximal bond stress is registered is thereby slightly but continuously shifted to the right
of the axis and thus to higher values.
Figure 6.8: Bond stress-slip relationships for different loading rates defined by the machine or
impactor velocity.
6.1.4.5 Energy analysis
The energy absorption capacity of materials is frequently identified as a loading rate de-
pendent characteristic. In the course of bond investigation, the energy transferred to the
concrete can roughly be estimated as the area under the bond force-displacement or rather
the bond force-slip curve. For illustration purposes, on the left-side-y-axis in Figure 6.9,
the bond force is plotted over the slip. The diagram resembles the bond stress-slip relation
except that it is given in terms of force to relate to the energy that is plotted on the right-
side-y-axis. The numerical concrete internal and kinetic energy is given in blue and red,
respectively. The energy that is calculated by integration of force over slip is given in black.
A good agreement between computed and integrated energy is found.
Figure 6.10 presents characteristic energy development curves for example systems over time.
Considered are the total, the kinetic, and internal energy of the system and individual parts.
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Figure 6.9: Bond force-slip and energy-slip relationship.
Figures 6.10(a) and 6.10(b) correspond to predominantly dynamic executions. Here, the
kinetic energy that is given in red comprises the majority of the total systems energy that
is given in black. The internal energy that is given in blue is the lowest. Figure 6.10(b)
analyses the reference drop tower case with an initial velocity of υ0 = 8. 278m/s, whereas
Figure 6.10(a) gives an insight into the sequence of events for the same system without the
force transfer due to bond. Figures 6.10(c) and 6.10(d) correspond to lower loading rates
and are described later.
For the intrinsic dynamic executions in Figures 6.10(a) and 6.10(b), the initial total system





mimp υ0 = 169. 361 J (6.1)
where mimp is the mass of the impactor. During the impact event, the impactors kinetic
energy is transformed into other forms of energy. A longitudinally propagating rectangular
pulse is introduced into the bar, as presented in Chapter 5. Without the influence of the
bond, it propagates without disturbances until the lower rebar end, and its kinetic and
internal energy are equally pronounced. With the beginning of the reflection at the lower
rebar end, the particle velocity doubles, whereas the stress and strain are superposed to zero.
This is reflected in the energy of the rebar, which is entirely kinetic by the end of the first
reflection cycle inside the bar (t = 0. 198ms). The same holds for the impactor. The two
parts are no longer in contact, and they propagate with a constant independent velocity from
then on. The law of energy conservation holds at all times. No work of gravity is considered,
the energy of the support plate is negligible, and the same holds for the sliding energy at the
interface between the parts. No damping or other forms of energy dissipation are involved.
With the influence of bond, things change. Force is transferred from the rebar into the con-
crete, which leads to the parts deformation and local failure. Bond energy can be estimated
as the area under the bond force-slip curve.
Detailed insight is now given to the numerical executions in the circled area in Figure 6.5.
An example execution with an initial impactor velocity of 1 m/s is chosen. The respective
total system energy is thus much lower than in the above-presented cases. Examination of
the concrete damage reveals that the energy is in fact not enough to lead to complete failure
of bond. The impactor rebounds back and reverses its velocity direction. This is reflected
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(a) model a) (no bond force transfer) (b) model c) (υ0 = 8. 287m/s)
(c) model c) (υ0 = 1m/s) (d) quasi-static
Figure 6.10: Changes in energy over time.
in the kinetic energy of the system which is reduced to zero and then again increased as the
impactor restores its shape and bounces back up. It does not reach the velocity it had before
the impact event since some of its energy was transferred to the concrete and was dissipated
by damage.
Figure 6.10(d) displays significant differences to the Figures 6.10(a), (b), and (d). The
respective results were achieved in the course of a quasi-static displacement controlled simu-
lation. In the dynamic case, all simulations start at a high total energy level which remains
constant throughout the calculation. By contrast, the energy level of the quasi-static simu-
lation is not constant. It starts from zero and accumulates over time proportionally to the
external work done by the applied force. Furthermore, only a fraction of the total energy is
attributed to the internal energy in the dynamic case, whereas in the static case practically
the entire energy is internal and the kinetic energy is non-existent. This given, the particle
velocity is negligible which means that the acceleration and thus the inertia force is almost
zero. Indeed, the force transferred over the bond zone is equal to the reaction force at the
support plate, as shown in Figure 6.5. This once again confirms that the quasi-static bond
force can be calculated utilising a load cell under the concrete.
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6.1.5 Discussion
The findings of the numerical parametric study on the loading rate dependent behaviour
of bond indicate a clear tendency for bond strength or rather resistance increasing with in-
creasing loading rates. This trend can be identified throughout the various developed models
with the only exception being the model series S.x.E. Here, the documented bond strength
is, in fact, constant over the loading rate range, see Figure 6.5. Note, however, that the
S.x.E models are not rib scale approaches. They are bar scale approaches, and their insen-
sitivity to the variation of the loading rate is rather expected than surprising. The utilised
tiebreak contact behaves strictly according to the incorporated interface strength-based cri-
terion. Separation of the primarily tied surfaces automatically starts once a predefined level
of normal tensile and shear stresses is reached. Stress degradation follows. The concrete part
does thereby neither significantly contribute to the bond force transfer nor is it affected by
it. In summary, it all comes down to the tiebreak input variables. The bar scale approach is
therefore from the outset insensitive to changes of the loading rate, the model geometry, and
the material models assigned to the parts. That is why the results of the S.x.E model series
are unsuitable to clarify whether and how the loading rate influences the bond behaviour.
The same holds for the assessment of the influence of factors like the specimen form, the
specimen size, and the concrete type.
Rib scale models, on the other hand, displayed a fundamental degree of dependence on the
loading rate. In the context of simplification, yielding of steel was initially neglected, and
the bond strength was found monotonically increasing with the loading rate. Considerably
higher forces were transferred into the concrete under dynamic as compared to quasi-static
conditions. The distribution of damage was also identified as a loading rate dependent
characteristic. The higher the loading rate was, the more advanced were the transversal
cracks as compared to the radial ones, see Figure 6.7. Furthermore, the higher the loading
rate was, the more frayed and multiply cracked the final pattern appeared. It seems that
under dynamic loading, more force is transferred more locally concentrated. This leads to
higher hydrostatic stresses in the concrete keys under the steel ribs. It is known that the
stress response of concrete is hydrostatic pressure dependent, and compressive stress transfer
can largely be enhanced by triaxial stress states. This is identified as the main reason why
compressive forces were shown to get further transmitted into the specimen under high
loading rates. The occurrence of such triaxial states may be facilitated by the divergence in
the propagation velocity between concrete and steel since the wave initially travels through
steel, and load is getting introduced faster into the concrete than it can be distributed inside
it. Similarly to other brittle materials, signs of multiple cracking were observed under high
loading rates. Initiating new cracks needs more energy than growing the old ones. The fact
that more new cracks initiated in the dynamic case as compared to the static case is a sign
that concrete is supplied with energy which is more than sufficient to lead to bond failure
under static loading.
Bond failure energy could be assessed on the base signals involving bond force and slip.
Energy analysis of selected example quasi-static and dynamic bond simulations was con-
ducted. The results show that the dissipated bond energy can be approximated quite good
by integrating bond force over slip, see Figure 6.9. In respect of energy, it is also interest-
ing to notice, that although the overall systems kinetic energy is dominant in the dynamic
simulation, separate investigation of the energy of the concrete part reveals that its actual
kinetic energy is not particularly high. This was expected since the concrete displacement
was limited by the support plate underneath. One unanticipated finding came with the
D.D.E and D.D.Y model series at intermediate loading rates. The respective bond strength
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values seemed counter-intuitive, given the fact that they were outperformed by displacement
controlled executions at even lower loading rates. However, a closer examination of the
computed data revealed that, in this case, the bond zone failure was not complete, and the
impactor instead rebounded back. The energy introduced by the impactor was limited and
at this point not enough to lead to complete failure of the bond zone.
Steel plasticity was found to reduce the apparent loading rate dependence of bond behaviour.
Once the introduced load was sufficiently high to lead to plastic strain of steel, the measured
bond strength values got about equal or rather only slightly different. The theory of plastic
wave propagation is a complex topic. The observed limit is probably due to the amount
of transferred force, which remains almost constant after the initial yield limit of steel is
reached. Note also that the reference impact scenario is close to the steel yielding state,
and the respective results of the models D.D.E and D.D.Y are thus close but not identical.
Local yielding of the rebar, or rather its ribs under the influence of multiple wave reflections
and transient effects, takes place already at this stage. It was additionally shown, that the
documented loading rates were influenced and in fact reduced and capped by steel plasticity.
With the latter considered, high impactor velocities provided loading rate values that lied
particularly close to each other, if expressed in terms of bond stress rate or slip rate. They
formed a cluster at approx. 7 · 105MPa/s and 9m/s, see Figures 6.5(b) and 6.5(c), whereas
bond stress rates and slip rates were significantly higher for the case where steel plasticity
was disregarded.
From the direct comparison of the Figures 6.5(a), 6.5(b), and 6.5(c), another interesting
finding emerges in regard to loading rates. Placed next to one another, the figures illustrate
the strong influence of the definition of loading rate on the DIF-diagram. Although in all
cases the results span over a range of loading rates that comprises several orders of magnitude,
the diagrams cannot be mutually converted by simple transformations, since the different
loading rate definitions are not directly proportional to one another. Figures 6.5(a) and
6.5(c) bear the greatest similarity if steel yielding is disregarded. This is because the slip
rate in the case of no force transfer due to bond is directly proportional to the machine or
initial impactor velocity. By comparison, in the case of bond, the slip rate in the bond zone
can be approximated by the slip rate without bond force transfer, reduced by the bond-
induced velocity loss, see Figure 6.4(b). One unanticipated finding on a closer inspection of
Figure 6.6 showed that all three loading rate definitions are almost perfectly correlated with
each other in the pre-yield stage, whereas in the post-yield stage only the slip rate continued
to rise with increasing impact velocity.
It was also shown, that the bond stress-slip relationships under high loading rates exhibit a
steeper rise in the slip origin than the respective relationships under slow loading rates, see
Figure 6.8. This is regarded a consequence of the local rebar velocity and thus the slip in the
bond zone, which increases rapidly with increasing loading rates. With reference to the wave
propagation velocity in concrete and steel, the load gets introduced into the concrete faster
than the cracks can spread inside the specimen. A combination of large steel displacement
values and moderate concrete damage leads to the concrete keys being pulled downwards, and
the first cone being more pronounced, see Figure 6.7. The high level of localised compressive
load at the loaded end of the rebar gets initially introduced into the first concrete key, moves
it downwards, and tears the specimen apart even before an adequate level of circumferential
tensile stresses that could lead to radial concrete cracking is generated over the length of
the bond zone. The later formed radial cracks consequently fail to propagate all the way
through the specimen height. A note of caution is due here since the model shows too brittle
behaviour and too advanced crack formation.
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Element erosion was intended to counteract the limitations of the rib scale model. It was
tested with the aim to improve the models performance in capturing the pull-out and push-in
mode of failure, and widen the understanding of bond behaviour even further. Generally,
element erosion should be used with caution since it violates basic conservation standards
regarding energy and mass. Once an element has reached the predefined erosion criterion,
its stresses are set to zero, and its nodal forces are redistributed to the surrounding elements
which thus experience artificially high loading rates. Apart from this, in the special case of
bond simulation, the numerical problems arising with large slip values are aggravated. It is
known, that in reality the concrete material near the bond zone is soon damaged or pulverised
but may still contribute to the residual bond carrying capacity of the specimen. This classical
problem is not as pronounced for the chosen simulation model because compressive stresses
are still allowed to be transferred by elements failed in tension. However, if concrete elements
are deleted near the ribs, a fast decrease of bond stress is documented. The here used element
erosion criterion was calibrated for the reference drop tower bond test such that both the
failure mode and the peak bond stress could be achieved. Unfortunately, the parametric
study results with incorporation of element erosion showed a strongly pronounced tendency
for premature, respectively, delayed failure in low, respectively, high loading rate ranges. As
a result, the derived dynamic increase factors were too high and did not appear realistic. It
seems that element erosion is not appropriate when different loading rates are considered.
Conclusions should be drawn from simulations and models without this option activated.
Furthermore, it again became evident that a major source of error is hidden in leaving the
static and quasi-static testing range, and entering the dynamic one without a proper change
of the evaluation method. It was repeatedly shown, that the reaction force signal is not
identical to the bond force signal, but is superposed by inertia force components and cannot
be used to evaluate the bond force under dynamic loading since the maximal reaction force is
by far higher than the actual bond force, and so are the apparent resulting dynamic increase
factors.
Not at last important is the fact that all bond strength or rather resistance enhancements
were achieved with the use of strain rate independent material formulations. This indicates
that the documented increases were due to structural effects. Moreover, since the experi-
mental set-up remained the same almost throughout the parametric study, the manner in
which the load is introduced into the concrete must at least partly be responsible for these
enhancements. In this sense, it was shown that the load was transferred into the concrete
much more concentrated under high loading rates, and large hydrostatic pressures were al-
lowed to built up locally. As a result, more load could be introduced than under static
conditions. The more concentrated the load was, the higher the hydrostatic pressure and
the bigger the concrete volume that got influenced and damaged by the introduced load.
More damage indicates more consumed energy than for slower impact scenarios. A material
aspect to the strain rate or rather loading rate effect is certainly not excluded, but the study
showed that the phenomenon can at least partly be explained by structural effects.
6.1.6 Conclusion
Finite element numerical parametric studies were used to investigate the influence of the
loading rate on the overall bond behaviour and resistance. Quasi-static, intermediate, and
high dynamic loading rates were investigated. The slowest displacement controlled quasi-
static simulation was given by a loading rate of 50 mm/s, whereas for the dynamic executions
the initial impactor velocity varied between 0.5 m/s and 50 m/s. Structural changes were
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successfully kept a minimum in order to avoid disruptive influences and be able to study the
effect of loading rate as isolated as possible. Different modelling approaches and material
formulations were used. Many of the models presented in Chapter 5 were also involved in this
section. Different evaluation methods were used, and basic correlations were found between
the models and the results.
The final results were shown to vary from model to model, but a clear tendency for bond
resistance increasing with the loading rate was identified almost throughout. All rib scale
approach models showed enhanced bond resistance when the loading rate was increased. The
results involve dynamic bond strengths roughly twice as high as the respective quasi-static
ones in the case yielding of steel is not considered. If yielding is considered, the amount
of transferable force is limited. That reflects in smaller bond strength enhancements and
smaller achievable loading rates. The respective dynamic increase factor was found about
1.3, if evaluated on the base of the actual contact force between concrete and steel. Evaluation
based on the reaction force should be avoided since the respective signal is superposed by
inertia force components. The bond force is consistent with the support reaction force
under static and quasi-static conditions only, where no or small inertia forces are involved.
Alternative dynamic evaluation methods like the one based on the strain signals must be
used to avoid overrated dynamic increase factors.
The distribution of damage inside the specimen was also found to be loading rate dependent.
The higher the loading rate was, the more expanded and frayed damage and crack patterns
were found. Significant bond strength enhancement could be captured without the use
of any constitutive strain rate dependent formulation. The results indicate that the bond
strength increase is at least in part due to structural effects. Hydrostatic pressure states
coming with the sudden local triaxial loading of the concrete keys is an influence that will
be pursued in more detail in the following section. The documented bond strength increase
with consideration of steel yielding seems reasonable, and the numerical results are in the
same order of magnitude as the experimental ones.
As an overall result, the finite element parametric study contributed to a better understand-
ing of the influence the loading rate has on the bond behaviour. The study showed that
significant changes arise if the bond zone is loaded under dynamic as compared to static
loading. Higher documented bond strength values may under certain circumstances indeed
be connected to the test evaluation method, but irrespective of that, dynamic increase factors
also arise for the actual bond force signal. In parallel, not only the bond strength and the
respective bond stress-slip relationships are influenced, but also the crack patterns. Support
was provided that in the case of bond, structural effects are strongly involved in the strain
rate or rather loading rate effect. Simulations may, in fact, capture the phenomena without
an explicitly strain rate dependent material formulation.
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6.2 OTHER INFLUENTIAL FACTORS
In Section 6.1, a comprehensive finite element parametric study on the influence of the load-
ing rate on the behaviour of bond between concrete and reinforcing steel was conducted. Load-
ing rates ranged widely between quasi-static and high dynamic, and the results showed that
despite no strain rate sensitivity on the concrete material level, a significant bond strength
enhancement arose as loading rates increased. In direct relation to this enhancement, further
loading rate dependent characteristics like the volume of the severely damaged concrete were
identified. Based on the hypothesis that the extent of loading rate sensitivity is not fixed
but dependent on the respective calibration of the concrete material model, the current sec-
tion complements the so far undertaken studies by more in-depth analysis. The focus is this
time directed towards specific input parameters which literature identified as influential in the
investigation of both bond and plain concrete. The new parametric studies include the vari-
ation of the concrete compressive strength class, the artificial strengthening and weakening
of inertia-induced confinement, and modifications of the form of the concrete yield surface.
Pursued is the identification of relevant influences from which ideally further conclusions on
the origin of the strain rate or rather loading rate effect can be derived.
6.2.1 Concrete compressive strength class
6.2.1.1 Introduction
The quality of concrete is one of the most determining influences to account for when it
comes to securing the optimal operation of reinforced concrete. Since in engineering practice
the concretes high strength under compression is its perhaps most valuable feature, it has
become general usage to quantify the quality of concrete on the base of the measured uniaxial
compressive strength. Building on its evaluation, a distinction is made between different
concrete strength classes.
With regard to the behaviour of bond, the concrete strength class has been found influential
both under static and dynamic conditions. In the following, generally acknowledged trends
are presented. A numerical parametric study on concrete strength class is thereupon un-
dertaken, and the degree of conformity with the literature findings is assessed. The results
provide further information on the interrelation between concrete material model input and
the resulting extent of the loading rate sensitivity displayed by the rib scale models.
6.2.1.2 Current state of scientific knowledge
With explicit regard to the dynamic behaviour of bond, normal-strength concrete mixtures
were found to be stronger affected by the variation of loading rates than high-strength ones.
The higher the concrete strength class was, the less pronounced the resistance enhancement
was found [62, 163]. This trend is in line with findings in the field of plain concrete material
investigation, but its causes are not fully understood yet. The results can be explained to a
certain extent only with reference to the reduced inhomogeneity of higher-strength concretes
as opposed to normal-strength ones and the correlation between the level of inhomogeneity
and the loading rate sensitivity, see, e.g. [30]. The explanation builds on the assumption
of a more or less arbitrary distribution of local concrete strength inside the specimen and
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deviations in the initiation of failure depending on whether static or dynamic conditions
apply. Under static conditions, failure initiates at the weakest point whereas under dynamic
conditions a different course of events must be considered. Here, loading is gradually intro-
duced inside the material in the form of a wave, and failure occurs when the wave reaches
a point whose strength is less than the local stress intensity of the wave. With this sort
of reasoning, failure is not necessarily initiated at the weakest point, and thus most likely
higher strength levels are reached as compared to the static case.
6.2.1.3 Numerical methodology details
The current section outlines the steps taken to extend the existing numerical rib scale model
to the application with concrete compressive strength classes other than the reference one.
First, information on the material properties for the whole range of common concrete strength
classes were gathered. The values that were required for the calibration were derived from
the DIN 1045-1 [32] which was found the most appropriate to orientate on, see Section 5.
With the total set of necessary information collected, renewed calibration of the model was
enabled. Table 6.1 summarises key values of both the input and the output of the calibration
procedure of *MAT 14. The input is given in the first four and the output in the last three
columns, respectively. Marked in grey are the four different concrete compressive strength
classes chosen for demonstration purposes. They conform to the strength classes C12/15,
C35/45, C55/57, and C100/115, with C35/45 being the reference one.
fck fctm Ecm PC a2 a1 a0
(MPa) (MPa) (GPa) (MPa) - (MPa) (MPa2)
C12/15 12 1.6 21.8 -1.6 0.33286 7.7726 11.584
C16/20 16 1.9 23.4 -1.9 0.33069 10.662 19.064
C20/25 20 2.2 24.9 -2.2 0.32854 13.57 28.264
C25/30 25 2.6 26.7 -2.6 0.32607 17.185 42.478
C30/37 30 2.9 28.3 -2.9 0.32313 20.962 58.071
C35/45 35 3.2 29.9 -3.2 0.32028 24.755 75.935
C40/50 40 3.5 34.5 -3.5 0.31755 28.561 96.072
C45/55 45 3.8 35.7 -3.8 0.31495 32.377 118.48
C50/60 50 4.1 36.8 -4.1 0.31249 36.201 143.17
C55/57 55 4.2 37.8 -4.2 0.30881 40.384 164.17
C60/75 60 4.4 38.8 -4.4 0.30592 44.408 189.47
C70/85 70 4.6 40.6 -4.6 0.29912 52.869 236.87
C80/95 80 4.8 42.3 -4.8 0.29284 61.393 287.94
C90/105 90 5.0 43.8 -5.0 0.28713 69.965 342.64
C100/115 100 5.2 45.2 -5.2 0.28207 78.57 400.94
Table 6.1: Input and output values of the calibration procedure with application to different con-
crete strength classes and the use of *MAT 14.
No fundamental changes were undertaken in the calibration algorithm. Only a slight amend-
ment as compared to the reference case was necessary. It came with an adjustment in the
method that estimates the third upper calibration point on the compressive meridian. In the
reference case, it was derived from Eq. 5.4, the output value of which is visualised over the
input uniaxial compressive strength in Figure 6.11. Contrary to expectations that suggest a
consistent increase of load bearing capacity the higher the examined concrete strength class
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gets, a minimum is identified at intermediate concrete classes. Given, however, that Eq. 5.4
is an empirical approximation function supplied to fit available experimental values for a wide
range of tested concretes [153], the mentioned circumstance is most likely due to influences in
execution and evaluation. It may still serve well as a first estimate for individual numerical
investigations but seems not appropriate when an entire bandwidth of strength classes is
examined, as done in this case. A constantly growing outcome was therefore enforced by
the exact use of Eq. 5.4 for the reference strength class C35/45 and the class C100/115
only. Values for the classes below and in between were obtained by linear extrapolation, as
indicated in Figure 6.11.
Figure 6.11: Comparison of original and modified indicative values for the multiaxial loading
capacity of concrete.
Figure 6.12 presents a direct comparison of the resulting yield surfaces corresponding to
the different considered concrete compressive strength classes. They are again presented
along with their three calibration points in the three-dimensional principal stress space in an
isometric and cross-sectional view, respectively. With the implementation of the amendment
described above, they now indeed demonstrate an increasing multiaxial load bearing capacity
the higher the concrete compressive strength class gets.
As a first step of evaluation, executions at the reference loading rate scenario in the drop
tower push-in configuration, see Section 5, were investigated. Data assessment and analysis
were carried out for all four chosen concrete compressive strength classes, and the results
were compared with each other and the findings in the literature. As a second step, the
investigation was extended to the variation of loading rates. The chosen methodology cor-
responds to the one presented in Section 6.1, the only difference being that plasticity of
steel was not studied separately. The reinforcing bar was from the outset regarded as linear-
elastic, and loading rate dependent tendencies were highlighted directly without the influence
of steel yielding. The focus was furthermore shifted from the identification of loading rate
dependencies to their quantification.
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Figure 6.12: Yield surfaces for different considered concrete compressive strength classes, com-
pare Figure 5.5. From top to bottom: C12/15, C35/45, C55/57, and C100/115.
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6.2.1.4 Results and discussion
The analysis of the results starts with the exemplary in-depth investigation of the drop tower
scenario declared as a dynamic reference in the course of the preceding section. No differences
exist as regards the boundary conditions under which data were computed, and changes con-
sequently arise due to the deviating concrete material calibration only. Figure 6.13 presents
the bond stress-slip relationships corresponding to the four concrete compressive strength
classes taken into consideration. The first conclusions to be drawn seem to match with the
findings of actual experimental studies: The higher the compressive strength class gets, the
higher the maximal transferred bond force and the stiffer the initial response. At the same
time, an increased tendency for splitting is indicated, and bond strength is reached at lower
slip values.
Figure 6.13: Computed bond stress-slip relationships for different compressive strength classes.
When it comes to substantiating the indications for increased splitting tendency with insights
into the specimen, the most immediate approach involves assessment of the crack patterns
and their evolution over the loading time. However, concerning the drawbacks, numerical
results feature with regard to the extent of damage (see Section 6), an alternative strategy
was pursued. Insights into the concrete specimen were still undertaken, but conclusions were
derived from the degree to which the concrete keys sheared off. The idea is based on a
viewpoint suggested by Gambarova et al. [55] who introduced a mixed kind of failure mode
entitled splitting-induced pull-out that is supposed to gradually move between pure pull-out
and pure splitting. A schematic illustration is given in Figure 6.14 where another feature
indicative of the extent of splitting becomes apparent, namely exactly the amount of shearing
off or rather crushing of the concrete keys. The stronger the splitting is pronounced, the
higher the extent is.
In this sense, the numerical results turn out to cover all the features expected from splitting-
induced pull-out failure: The growing tendency of high-strength concrete to pure splitting
can not only be recognised by the more abrupt decrease in the bond stress-slip curve in Fig-
ure 6.13, but also by the reduced compaction of the concrete keys below the ribs. Figure 6.15
shows the respective results in terms of the minimal principal strain in the compressive range
between -0.25 and 0 close to the time the maximal bond stress is achieved. The material
complying with the lowest strength class exhibits the strongest signs of crushing, whereas
the one representative of the highest strength class shows hardly any effect in this regard.
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Figure 6.14: Modes of bond failure according to [55]: a) pure pull-out, b) splitting-induced pull-
out failure, and c) pure splitting.
(a) C12/15 (b) C35/45
(c) C55/57 (d) C100/115
Figure 6.15: Minimal principal strain state close to the time the maximal bond stress is
achieved (equally scaled between -0.25 and 0 for comparison of different concrete
compressive strength classes).
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With basic correlations between concrete compressive strength class and bond behaviour
confirmed, the analysis continues with the consideration of varying loading rates. In this
last and most central step, the focus is shifted from the simple identification of loading rate
dependent characteristics to their quantitative dependence on the concrete strength level.
It is, however, recalled that differences in the loading rate sensitivity between different con-
crete compressive strength classes are, in the experimental case, most likely connected to
the inhomogeneity of concrete. From this point of view, numerical results computed with
differently calibrated versions of the same homogeneous numerical model do not necessarily
have to match the tendencies provided by experimental tests. Figure 6.16 shows the nu-
merically achieved bond strength values for the set of four exemplary concrete compressive
strength classes over the velocity of applied loading as defined in Section 6. The correspond-
ing maximal obtained dynamic increase factors are given in brackets. Indeed the emerging
trend deviates from the one achieved by experiments. The tendency is in fact opposite.
Except for the lowest strength class, which is treated as an outlier in the absence of a better
explanation, the numerical data rather suggest an increase than a decrease of loading rate
sensitivity the higher the concrete strength class gets.
Figure 6.16: Numerical bond strength over loading velocity and maximally achieved dynamic
increase factors for example concrete compressive strength classes.
6.2.1.5 Conclusions
Numerical investigation of different concrete compositions was conducted. The data indicate
a trend for increased loading rate sensitivity the higher the strength level gets. On the basis
of the initial argumentation, and even if not in line with the findings in the literature, the
results could be used as a starting point to investigate whether and which exact causal
links exist between this trend and aspects of the model getting enhanced or reduced in the
calibration. The next sections assist to investigate the correlations by separately considering
specific aspects of the material operation mode.
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6.2.2 Inertia-induced confinement
6.2.2.1 Introduction
The study continues with the investigation of inertia-induced confinement. That term co-
incides with one of the most frequently discussed and debated explanations given for the
strain rate effect of concrete and materials in general. The present section focuses on bond
experiments and attempts to establish correlations that exist between the strength or rather
resistance enhancement and the influence of inertia. In the following, the line of scientific
argumentation on the topic is given before the pursued numerical methodology is presented.
Although not an intrinsic material property, it will be shown that the effect of inertia-induced
confinement is enhanced or reduced by specific aspects of the material model operation mode.
6.2.2.2 Current state of scientific knowledge
The viewpoint that the influence of inertia may be decisively involved in giving rise to the
strain rate effect of materials was first introduced by Brace and Jones [16] in 1971 in the con-
text of dynamic material behaviour investigations on rock. They interpreted the substantial
strength enhancement over the strain rate as a result of the transition from a uniaxial stress
state to a uniaxial strain state and not as an intrinsic strain rate dependent behaviour. The
argumentation was widened to brittle materials in general and gained support from several
other studies including the study of Bischoff and Perry [15] on concrete and concrete-like
materials.
In the specific case of concrete, the majority of compressive strength data under high strain
rates has been measured in the split Hopkinson pressure bar (SHPB) set-up. According to
the above perception, however, the typical SHPB execution is subject to lateral confinement
effects that lead to the violation of the uniaxial stress state assumption. Although these
violations may also be caused by friction confinement [176], the focus of argumentation lies
on the contribution of inertia. Especially the comparison with metals, for which the split
Hopkinson bar technique was originally developed, is interesting in this regard. The density
of metals which is usually many times higher than the one of concrete could easily imply
higher inertia and higher dynamic increase factors, but strength enhancements documented
for metallic materials are actually lower [100]. In this context, Li and Meng [85] highlight the,
in their opinion, important fact that the stress response of metals is known to be hydrostatic
pressure stress-independent and often analytically described by means of a von Mises yield
criterion. On this basis, the yield stress of metals is not influenced by confinement, whereas
the yield stress of brittle materials can largely be enhanced by the application of confining
pressure. Experimental support was provided by Zhang et al. [176], who conducted a SHPB
study on mortar specimens with solid cylindrical and tubular specimens and proofed their
hypothesis that specimens with a tubular shape and consequently reduced lateral confine-
ment effects achieve lower DIFs than solid ones. The same can be applied to small- and
large-diameter specimens, as presented in [84].
6.2.2.3 Methodology of numerical investigation
The above considerations on the effect of inertia-induced confinement on the dynamic re-
sponse of solid specimens can be transferred to the bond testing set-up as well. Viewed
irrespective of the origin first, confinement is always provided when concrete approaches its
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uniaxial strength, undergoes internal cracking, is prevented from expanding in the transverse
direction, and bears against the outer surroundings with hydrostatic pressure building up
instead [123]. Note that in the special case of bond and in contrast to the SHB set-up,
where confinement primarily arises due to the Poisson’s effect and interface friction, the con-
crete stress state here is by definition multiaxial, especially in the concrete keys underneath
the ribs. Additional confinement may be provided both on a targeted basis when trans-
verse reinforcement is purposely inserted and unforeseenly when lateral inertia gets involved
and superposed on the intrinsic confinement. The latter case comes with the transition from
static to dynamic loading conditions and would imply a change in the intensity of hydrostatic
pressure and resistance consequently.
In order to investigate the above phenomena in more depth, a three-step approach to nu-
merical analysis was applied. In the first step, the mass of the concrete body was adjusted
by changing the density of the material it was assigned to. Two further cases, apart from
the reference one, were investigated. The corresponding values were chosen as 25% lower
and higher than the original density, respectively. The goal was to provide comparative
simulations with higher and lower levels of acceleration and investigate the effect of both
emphasised and reduced inertia effects.
The approach followed in the second step builds on the previously presented view arguing
that inertia primarily makes a difference under the condition that the yield stress increases
sufficiently in the direction of increasing hydrostatic pressure. A new series of simulations
began with changes this time undertaken to the extent the material yield stress is dependent
on hydrostatic pressure. The original concrete meridians were taken and trimmed to gradu-
ally bring them closer to the hydrostatic pressure axis by applying a von Mises extension at
several example heights of yield stress. The resulting yield surfaces may have been originally
based on the reference concrete formulation, but have undergone significant changes. This
makes them eventually only reminiscent of actual concrete yield surfaces. The approach is
therefore rather theoretical. Figure 6.17 shows the tested hydrostatic pressure-dependent
stress responses corresponding to von Mises extensions at 300, 428, and 625 MPa of yield
stress, and 275, 400, and 600 MPa of hydrostatic pressure, respectively.
Figure 6.17: Reference yield stress versus pressure response and considered von Mises exten-
sions.
Note that in the case of the Soil and Foam Failure (*MAT 14) material model, calibration of
the yield stress versus pressure curve is supported through the material constants a0, a1, and
a2 only. The principle of applying a von Mises extension for pressures higher than a specific
transition point is inherently provided with the elliptic conical form calibration method, see
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Figure 5.4. Although the ellipsis could be adjusted to pass through up to three decisive
points, the curvature of the yield surface calibrated this way would be another one, and
the results consequently comparable to the reference case to a limited degree only. Perfect
comparability was, however, aimed at, and an alternative formulation was searched for. The
model eventually switched to was the Soil Concrete material model (*MAT 78). It is in
nature very similar to *MAT 14, but more complicated in calibration since it is based on a
yield stress curve that is given by a pair of yield strength versus hydrostatic pressure points.
In all other aspects, it is essentially the same as the model used so far with the difference
that *MAT 78 supports some further features like the optional use of a strain-based failure
criterion, see [172]. It was verified that with the right calibration, an almost exact match
between the results achieved with *MAT 14 and *MAT 78 could be achieved. This enabled
the direct comparison between the reference situation and the calculations with adjusted
yield stress dependencies on the hydrostatic pressure level.
In the third and last step, building on first results supporting the validity of the assumptions
underlying the preceding points, the hypothesis on inertia is further extended, and a second
main line of argumentation is introduced. It argues that, besides the degree of yield stress
dependence on the confining pressure, the effort connected to concrete compaction is decisive
as well. Flat compaction curves signify a significant reduction of the volume at relatively
low pressures, whereas steep curves stand for low volume reduction at comparatively high
pressures. With the same amount of energy applied to the same sample volume, in the latter
case much higher pressures are achieved. This, again, speaks for the inertia effect emerging
much stronger. The hypothesis is tested by a further series of simulations with all, but the
stress-strain behaviour under hydrostatic loading left unchanged. The specific compaction
curves were taken over from the calibration of the concrete strength classes, see Section 6.2.1.
6.2.2.4 Results and discussion
The first set of simulations aimed to provide data on the influence of inertia with all para-
meters but the concrete density remaining the same. As mentioned earlier, two additional
concrete compositions were considered with the density weighted by a factor of 0.75 and
1.25. In theory, when quasi-static conditions are analysed and the kinetic energy is almost
zero, the influence of the density or rather the mass should be negligible. The respective
numerical data are indeed very close together and the deviations are regarded acceptable.
There are a multitude of possible reasons for the small differences between them. For one
thing, errors due to numerical rounding summarise over time, and for another thing, numer-
ical data are written out not continuously but in predefined finite time intervals. The two
facts in combination may not allow for a perfect objective comparison when the differences
between calibrations are very small. This is considered the case here, and therefore, in or-
der to keep the influence of numerical inaccuracies at a minimum, the whole range of bond
strength results over impact velocity in Figure 6.18 is presented in its original form and not
scaled to the respective quasi-static value. Note also that for the same reason, the max-
imal achieved dynamic increase factors given in brackets were calculated on the base of the
reference quasi-static value.
The assessment of data indicates that a correlation indeed exists between the achieved dy-
namic strength and the density of concrete. The loading rate sensitivity appears more pro-
nounced when the density and consequently the influence of inertia is higher. Note, however,
that in reality density values for normal-weight concrete are quite stable and not subject to
a strong variability. In the common context of concrete density scattering, values 25% less
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Figure 6.18: Loading rate relevant results for the reference concrete and formulations with
weighted densities.
than standard are already classified in the category of light-weight concrete. In the big pic-
ture of the phenomenon, changes documented in this step of the analysis appear to be of
little relevance. Even though an influence of density was documented, it is not considered
significant enough to justify all the different extents of loading rate sensitivity over the band-
width of concrete compositions that were documented in the literature. Conclusively other
factors should be more decisive.
In the second step, new series of simulations were conducted to verify the hypothesis that in-
ertia requires a certain degree of hydrostatic pressure dependence of the material response in
order to have a significant influence on the behaviour under high loading rates. The involved
numerical parametric studies were executed as previously but this time material formula-
tions featuring von Mises extensions at different levels of yield stress were considered. The
exact input was shown in Figure 6.17, and the respective results are presented in Figure 6.19.
With an initial separate view of the rather slow displacement controlled executions, tenden-
cies may not appear very clear. Dynamic results are, nevertheless, in line with the expected
outcome and feature a clearly recognisable decrease of dynamic strength enhancement the
closer the meridians were brought to the hydrostatic pressure axis. In other words, mate-
rial formulations with meridians broader widening in the direction of increasing hydrostatic
pressure are more loading rate sensitive.
Figure 6.20 shows the last set of results corresponding to formulations identical except for
the different compaction behaviour. The data provide support for the correctness of the
above-stated hypothesis that the lower the effort to achieve high pressures, the higher the
loading rate sensitivity. As expected, formulations with relatively steep compaction curves
achieve markedly higher dynamic increase factors than formulations with flat responses.
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Figure 6.19: Dynamic increase factors for bond achieved with the reference concrete mate-
rial model and formulations with von Mises extensions at different levels of yield
stress.
Figure 6.20: Dynamic increase factors for bond achieved with the reference concrete material
model and formulations with differently scaled compaction curves.
6.2.2.5 Conclusion
Different numerical approaches to the much-disputed contribution of inertia-induced con-
finement to the strain rate or rather loading rate effect have been followed. The results
indicate that inertia indeed becomes influential with the transition from static and quasi-
static conditions to dynamic loading. It was verified that the effect is enhanced, even more,
the broader concrete yield stress widens in the direction of increasing pressure. Additional
series of simulations were run. The respective results support the extended hypothesis that,
besides strong hydrostatic pressure dependence of the yield surface, high compaction re-
sistance also gives rise to high strength enhancements. It appears that steep compaction
curves facilitate the achievement of a broader spectrum of stress states traced back to higher
hydrostatic pressures than flat ones, which is, in fact, tantamount to a stronger experienced
dependence on the level of provided confinement.
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6.3 INFLUENCE OF RANDOM DISTRIBUTION FIELDS
In Section 6.2, a comprehensive finite element parametric study on the influence of loading
rate relevant factors was conducted. The results highlight the background of what could be a
reasonable aspect of the origin of the strain rate or rather loading rate effect. The question
remains why in the numerical case high compressive strength classes achieved higher dynamic
strength enhancements than low- and normal-strength classes, while experiments suggest the
exact opposite. To investigate this issue, analysis of its most likely explanation is undertaken,
namely material inhomogeneity. An outline of different approaches to capture material in-
homogeneity in simulations is presented, before the methodology followed for the conduction
of the current study is given. It is based on an algorithm that has been developed and im-
plemented in Matlab to intervene into the original input file and make modifications. It
inserts additional material model realisations calibrated for different concrete strength levels,
computes a random spatially correlated distribution field, translates it into local concrete
properties, and modifies the elements assignment to material identification numbers in order
to achieve conformity to the boundary conditions of artificial inhomogeneity laid down. The
individual steps of the procedure are explained in detail. Eventually, with a good effort to
effectiveness ratio, a series of simulations featuring material inhomogeneity is run, and the
general influence of inhomogeneity with particular focus on the loading rate sensitivity of
bond is analysed and discussed.
6.3.1 Introduction
Modelling concrete as a homogeneous material is computationally convenient and suitable
for a wide variety of problems. However, concrete is heterogeneous in reality, and the need
may arise to account for its composite nature when the focus is moved to a mesoscopic scale
or when inhomogeneity is thought to be decisive for the response under particular loading
conditions [168]. In the specific case of the rib scale model developed for the analysis of
bond in the course of this study, good results were shown to be achieved even without the
consideration of concrete inhomogeneity. Nevertheless, questions arise as to if and how con-
crete inhomogeneity influences the bond behaviour and especially whether it has a decisive
influence on the loading rate sensitivity. The numerical data in Section 6.2 suggested dy-
namic increase factors increasing the higher the concrete strength level gets. This trend may
not be in agreement with literature results, but seems plausible, taking into account that
higher-strength concrete comes with yield stress surfaces broader widening in the direction
of increasing hydrostatic pressure and a higher level of dependence on the hydrostatic pres-
sure was found to be connected with stronger loading rate sensitivity, see Section 6.2.2. In
that light, the existence of a compensating effect due to some other influence is highly likely.
Concrete inhomogeneity is of particular interest since it has widely been acknowledged as one
of the most probable explanations for concrete strength level related differences in loading
rate sensitivity.
In this section, an attempt is made to capture the influence of concrete inhomogeneity in a
very efficient way since contrary to the conventional mesoscopic approach where the focus
lies on crack initiation, orientation, and growth in dependence of the exact aggregate po-
sitions, the identification of correlations between the extent of inhomogeneity and loading
rate sensitivity is of priority interest here. In the following, a report on different approaches
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to numerical simulations featuring material inhomogeneity is given before the methodology
adopted to conduct this particular study is presented along with the results and their dis-
cussion.
6.3.1.1 State of the art
A lot of research has been carried out on modelling concrete inhomogeneously. The probably
best-known method to do so is the parametrisation approach which involves the implemen-
tation of formulas and special mathematical algorithms to reproduce the mesoscopic scale
as close to reality as possible. This, in turn, includes a large number of different techniques
for generating the mesoscale geometry and the corresponding finite element mesh. Although
considerable effort has been devoted to the development of these algorithms, and much has
been achieved, particularly in the field of quasi-static simulations, there is still no outstand-
ing and always applicable method. One of the most popular approaches comes with the
so-called take-and-place algorithm, where aggregates of different sizes are generated accord-
ing to a given grain size distribution and are randomly placed into the specimen one by
one with a check on particle intersection [61, 31]. The approach works well and with ease
at generating a large number of digital concrete specimens, but realistic aggregate densities
are difficult to achieve. Representative volume fractions in three-dimensional modelling are
currently restricted to ≈ 30% [94]. Another popular method which applicability is, however,
limited to spherical aggregates only, draws the information about the grain positions from
dynamic discrete element analysis considering particle rearrangement in the producing pro-
cess of concrete. More densely packed structures can be achieved this way, and the aggregate
shape may be assumed as sufficiently accurate in a first approximation. In order to better
approximate real aggregates, a number of proposals have been made in the framework of
the previously mentioned approaches. Besides ellipsoids and modified ellipsoids [60], poly-
hedrons have also often been suggested. According to [94], they fit the real aggregate shape
better but have serious problems satisfying the grading curve.
A way to avoid the challenges of implementing highly complex algorithms of nonetheless
limited success comes with the digital image-based approach [151]. It is presented as an
alternative to the parametrisation approach and generates a model on the base of direct
digital images of the concrete mesoscopic structure. Computed tomography scanners (CT
scanners) are used to obtain them. The procedure is very efficient but also very expensive
and lengthy, which makes a meaningful statistical analysis supported by a sufficiently large
number of specimens very difficult. The resulting data are furthermore bound to the specific
specimen geometries, which limits the reusability of the developed models, despite their great
potential.
Against the background of the ambitious goal of capturing the mesoscopic concrete structure
as realistic as possible, it is important to bear in mind that usually, the primary difficulty
in calculation arises from the successful reproduction of densely packed aggregates. This is
because high volume fractions generally imply a very fine mesh. This, in turn, comes with a
substantial increase in the computation effort, especially in explicit dynamic calculations were
the time step is too heavily reduced. Additional difficulties arise with the robustness of con-
tact algorithms between the involved parts. The majority of existing mesoscale simulations
of concrete were therefore realised with the use of two-dimensional or rotationally-symmetric
models. Particularly questionable is besides the representativeness of such models their abil-
ity to capture lateral confinement precisely, especially with regard to dynamic loading [94].
To avoid these problems, another category of methods was developed. It starts off with
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a regular grid finite element mesh and creates aggregates of more approximate shapes by
assigning aggregate material properties to specific elements defined in advance [41, 135, 47].
For the elements definition, all methods described above can be used. A major weakness of
this technique is that aggregates and cement matrix are not connected by contact but by
common nodes. Note also that a three-phase treatment including the interface zone between
the aggregates and the cement part is in this case generally not possible.
6.3.2 Methodology
The above section gives an overview of many of the possible approaches to modelling con-
crete inhomogeneity and the challenges that come with them. All of the corresponding
algorithms are referred to as direct, since they capture the different phases of concrete in
an explicit manner, with consideration of the cement paste, the aggregates, and possibly
even the interface phase between them. In view of the presented difficulties and since, as
mentioned in the introduction, the focus of the current study lies on data deviating from
the conventionally pursued information, a different approach was taken here. It falls under
the category of indirect methods and models inhomogeneity as a spatially varying random
field [166]. Previous example applications of the method on concrete can be found in, e.g.
[175, 154].
In the following, the methodology for introducing spatial variability of material properties
into the existing rib scale model is presented in detail. Although similar automated processes
are provided in the latest LS-Dyna version, they are currently supported by a limited amount
of material models only, and the used concrete formulations are not among them. The
algorithm used in this study was therefore specially developed and implemented in Matlab,
which has been established as a very powerful tool for processing large amounts of data in
the form of matrices and arrays. What the algorithm essentially does is to intervene into the
original input file, compute a random distribution field, define a range of material properties
to account for, translate the random realisations into local concrete properties, and modify
each elements assignment to material identification numbers that conform to the locally
prescribed characteristics. In this context, two fundamental aspects need to be accounted
for: the quantitative distribution and the spatial location of material properties. Both can be
controlled largely independently of one another, and detailed description of the methodology
adopted begins with the steps taken for the generation of the random distribution field:
❼ Create a regular three-dimensional grid of points corresponding to x-, y-, and z-
coordinates with the minimal and maximal values chosen such as to fit the concrete
body in and leave some extra space towards the outer edges. The grid step should be
chosen in proper relation to the finite element model discretisation and no much more,
but also no much less than the average used element size.
❼ Assign random realisations to the grid points. A variety of random number generation
methods is available in Matlab. The most common ones are the uniform and the
normal random number distribution.
❼ Manipulate the random non-correlated realisations in the grid in order to obtain a
spatially correlated random field.
Note that in principle any random number generation method can be applied since the initial
random field is an intermediate product only and is edited afterwards in order to become
spatially correlated. Before that, single values in the field are completely independent of the
realisations at their neighbouring points, which is a situation hardly ever found in nature.
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A certain degree of spatial correlation between neighbours is always given. The analytical
assessment of material property correlations is a very complicated topic on which research
has been working on [143]. Its handling in this particular study corresponds to the perhaps
most basic approach available. The moving average method is chosen, and emerging from the
initial random field a second field is created by overwriting the original values with new ones
derived by averaging over the respective subfields of realisations. The method resembles
a three-dimensional smoothing procedure, with the volume of the considered subfield for
averaging depending on a pre-defined input parameter called correlation length. Note that
near the edges of the grid, the number of realisations falling into the volume of the averaging
subfield is lower than usual, which very likely results in values deviating from the ones near
the centre of the body. This is why a distance of at least the correlation length should lie
between the elements furthest away from the part centre and the outer grid points of the
imaginary box it is initially placed in. Figure 6.21 visualises an exemplary random field of
realisations before and after editing to implement spatial correlation.
In the next steps, the generated spatially correlated random field is translated into a finite
element model featuring material inhomogeneity. The steps taken are in detail as follows:
❼ Extract information about the total number of concrete elements in the model, their
identification numbers, and the connectivity array that describes which nodes are linked
to create which element. Calculate the exact position of the geometrical centre of the
elements by averaging the coordinates of the respective nodes, and save all informa-
tion into a separate file in order to be able to skip this step in case multiple random
realisations are created with the input of the same discretisation.
❼ Go through the concrete elements one by one, determine the cell of the grid in which
each element lies, and interpolate the grid cell corner values in relation to the distance
from the elements geometrical centre.
❼ Transform the total of interpolated values the element centre points are assigned to
into a histogram, and provide a normal distribution fit for the information, i.e. the
median of the data and the standard deviation. Split the range of realisations into a
freely selectable number of classes in which the majority, e.g. 99%, of the realisations
lie, and determine the class to which each element corresponds.
❼ Decide on the way material properties vary, and calculate the corresponding input
for the classes, i.e. calibrate the concrete material model multiple times to each time
varying requirements.
❼ Read and modify the initial input file in order to insert the additional material model
calibrations. Go through the lines where concrete elements are defined, and overwrite
the material identification number they were initially assigned to with the new one
marking the class they were found to correspond to when inhomogeneity is considered.
Figure 6.22(a) shows an example histogram of the number of concrete elements and the values
they correspond to, whereas Figure 6.22(b) shows the results after the elements classification
into classes. Note that trustful probabilistic information on the distribution of material
properties inside specimens is extremely difficult to obtain. The most advanced theoretical
models on this topic use complex Weibull [154] and log-normal distributions [165] to describe
it. In this study, a normal distribution was assumed as a first approach. The strength level
was chosen as the varying property, and a standard deviation of 5 MPa was assumed as a
reference, in accordance with the Eurocode 2 [37].
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(a) Independent
(b) Spatially correlated
Figure 6.21: Exemplary random field realisations: (a) before and (b) after editing to implement
spatial correlation.
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(a) (b)
Figure 6.22: Histograms of the number of elements plotted against: (a) the scalar value in the
random field realisation according to Figure 6.21 b) and (b) the index that is rep-
resentative of the class they were found to correspond to.
Note that irrespective of the random number generation method and the correlation length
that was chosen, the purely qualitative distribution of the number of elements over real-
isations assigned to remains about the same. The generated data correspond to a normal
distribution, and when classes are defined according to given percentage thresholds, and
the same range of properties is included, the quantitative distribution converges as well.
However, models featuring different extents of spatial correlation of material properties, as
exemplified in Figure 6.23, generally achieve significantly different results, even if the almost
identical quantitative distribution of material properties, i.e. fitting a normal distribution
with a given mean value and standard deviation, is laid down. The latter fact demonstrates
and confirms that the quantitative distribution and the spatial location of material prop-
erties are two different aspects of inhomogeneity that both influence the final result. This
leaves the user to two options for considering different levels of inhomogeneity: (1) using
a constant quantitative distribution of material properties and varying the level of spatial
correlation or (2) using a constant level of spatial correlation and varying the quantitative
distribution of material properties. The second option was chosen for the execution of this
study in order to enhance the direct comparability of different inhomogeneity levels. A total
of twenty realisations featuring a correlation length of 5 mm was created, and three different
levels of inhomogeneity were tested in the final parametric study. The normal distribution
mean value was set to the reference compressive strength value of 35 MPa, whereas the
standard deviation varied in steps of 2.5 MPa between 2.5 and 7.5 MPa.
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(a) Correlation length 5 mm (b) Correlation length 15 mm
Figure 6.23: Finite element mesh featuring a small and a high spatial correlation between mate-
rial properties.
Figure 6.24 presents insights into the interior of the specimen and gives a better impression
of the clusters of material properties that build.
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(a) Classes 1 to 6 (b) Classes 1 to 8
(c) Classes 1 to 11 (d) Classes 1 to 21
Figure 6.24: Insights into the interior of the random distribution field.
6.3.3 Results and discussion
Figure 6.25 illustrates the influence of the different implemented concrete inhomogeneity
levels as regards the scattering of the bond stress-slip relationship for the dynamic reference
scenario in the drop tower, see Section 5.1, as compared to the initial homogeneous model. As
expected, the larger the standard deviation is, the more pronounced the scattering of data is
found. If needed, the degree of numerical scattering could be aligned to the respective degree
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of experimental scattering in an iterative process, requiring consideration of the quantitative
material property distribution and the correlation length. When the distribution is fixed, i.e.
in accordance with recommendations stated in the Eurocode 2 [37], the process is simplified
and requires consideration of the correlation length only.
(a) Homogeneous model (b) Standard deviation 2.5 MPa
(c) Standard deviation 5 MPa (d) Standard deviation 7.5 MPa
Figure 6.25: Bond stress-slip relationships achieved with the homogeneous model and models
featuring differently pronounced concrete inhomogeneity for the dynamic reference
scenario in the drop tower, see model c) in Figure 5.2.
These first trial calculations confirmed that with a wide range of material properties con-
sidered, the calculation effort significantly exceeds the one of the reference homogeneous rib
scale model. This holds for all simulations, irrespective of the loading rate. Due to this high
calculation effort, a change compared to the methodology followed up to now was necessary
for the parametric study on loading rates. Not all previously examined loading rates were
this time included. The results were instead derived from selected simulation runs at char-
acteristic loading rates, nevertheless spanning all the way from quasi-static to high dynamic
loading executions. Steel was treated as linear-elastic material, and yielding was omitted as
already done in Section 6.2. First results are presented for the models featuring the highest
level of inhomogeneity of all considered series in Figure 6.26. In the form of dots, the dynamic
increase factors achieved with the inhomogeneous rib scale models are presented, whereas
the continuous line connects the respective values achieved with the reference homogeneous
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rib scale model, as presented in Section 6. Figure 6.27 presents the respective results for the
two further considered levels of inhomogeneity. Quasi-static simulations were bypassed in
order to reduce the calculation effort.
Figure 6.26: DIFs for bond achieved with the homogeneous reference model (continuous line)
and a series of inhomogeneous models with a standard deviation of 7.5 MPa.
(a) Standard deviation of 5 MPa
(b) Standard deviation of 2.5 MPa
Figure 6.27: DIFs for bond achieved with the homogeneous reference model (continuous line)
and series of inhomogeneous models featuring different standard deviations.
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With the whole bandwidth of loading rates considered, the average strength or rather resis-
tance enhancement seems to always approximately correspond to the value achieved with the
homogeneous rib scale model. In this case thus, contrary to what is often observed with the
introduction of inhomogeneity, no significantly lower mean values were documented. The
fact is rather surprising, but might be reasonable considering that in the special case of
bond, concrete is primarily loaded under shear and hydrostatic pressure rather than tension,
where the weakest link is decisive. Another finding to emerge is connected to the apparent
scattering of results: the higher the loading rate is, the higher it is found. The trend is in
accordance with experimental studies and suggests that the wide scattering of values ob-
served in tests can not only be attributed to larger inaccuracies in measurement when high
loading rates are considered but also has a physical background to it which would suggest
a larger necessary number of specimens. The most probable explanation comes with the
local concrete material properties near the bond zone affecting the overall bond behaviour
stronger under dynamic loading than under static conditions.
6.3.4 Conclusion
The aim of the present section was to examine if and which correlation exists between the
level of concrete inhomogeneity and the extent of loading rate sensitivity that characterises
the bond behaviour between concrete and reinforcing steel. Especially in view of the con-
tradicting numerical and experimental results on the topic of concrete strength level related
loading rate sensitivity presented in Section 6.2, a compensating effect due to some other
influence was searched for. At this point, concluding from the literature review, concrete
inhomogeneity comes into question. An investigation into it was therefore undertaken.
First, an overview of different possible approaches to implementing material inhomogeneity
and the main difficulties connected to them was given. Subsequently, the chosen indirect
method of inhomogeneity implementation was presented, and the individual steps taken by
the respective algorithm were comprehensively laid down. It was shown that eventually,
with a good effort to effectiveness ratio a series of simulations featuring spatially correlated
material inhomogeneity was run.
The study found that the degree of scattering due to inhomogeneity depends on the loading
rate, with high loading rates inducing the highest scattering. That implies a larger necessary
number of specimens when it comes to achieving representative results under such conditions.
With regard to the initial question, no evidence was found that a correlation exists between
the level of inhomogeneity and the extent of loading rate sensitivity. Thus still uncertainty
exists about the reasons why high-strength concrete achieves lower strength enhancements
than low and normal-strength concrete. It is suggested that the involved phenomena are
investigated in further detail in future research. A starting point for the investigation could
be the fact that under dynamic loading, cracks were increasingly found to propagate directly
through the aggregates instead of the cement matrix or the interface zone between the
aggregates and the cement matrix, and the fact that generally smaller aggregates are used
for high-strength concrete.
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PHENOMENOLOGICAL MODELS
In the current chapter, an outlook is given on the topic of incorporating the phenomenological
behaviour of the bond between concrete and steel reinforcement to large-scale simulations
treating whole structures or components of structures. First, an overview of the strategies of
handling bond numerically in the case of finite element simulations is given. Both the general
case and the possibilities provided by LS-Dyna are presented. Then, based on the findings
and conclusions of the current study and especially the models at the rib scale, weaknesses are
identified and possible enhancements proposed. It is shown, that although considerable effort
has been undertaken to describe the overall qualitative and quantitative behaviour of bond
by means of empirical bond stress-slip relationships, little effort has until now been devoted
to the development of strategies to incorporate them in numerical solvers. It is still a field
where improvements are necessary.
7.1 STATEMENT OF THE PROBLEM
In the preceding chapters, a finite element model at the rib scale was developed for the
numerical description, analysis, and evaluation of the bond behaviour between concrete and
steel reinforcement. The model showed reasonable performance for a wide range of boundary
and loading conditions as well as concrete material compositions. The pursued approach was,
however, fundamentally influenced by the scientific point of view applied to the study. The
scale of observation included single ribs of reinforcing steel bars and the concrete keys between
them. Bond was thus predominately controlled by the mechanical interaction between the
two components of reinforced concrete.
In engineering practice, an approach at the rib scale is neither appropriate nor applicable
due to the modelling and calculation effort clearly exceeding the limits of feasibility. In case
large dimensions, e.g. whole structures or components of structures, are considered, a fun-
damentally different approach is required. Here, with regard to the scales of bond modelling
as addressed in Section 4.2, the transition from the rib scale to the bar or member scale is
necessary, and phenomenological descriptions of the two parts interaction are adopted.
7.2 EXISTING FINITE ELEMENT SOLUTION STRATEGIES
Phenomenological approaches to the finite element modelling of bond between a matrix and
a reinforcement component can generally be divided into three categories: the smeared, the
embedded, and the discrete reinforcement representation method. A short overview to each
of them is given in the following, before the third category, the discrete reinforcing method
is presented in more detail since it is the one with the greatest applicability to the special
case of the bond of reinforcement in concrete.
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7.2.1 Smeared reinforcing method
In the smeared reinforcing method, the matrix and the reinforcement are represented as
one homogeneous material. A composite matrix-reinforcement formulation is constructed by
defining and directly combining relations for both the plain matrix and the reinforcement
component. Appropriate transformations are used to consider the directional dependence
of the reinforcement. Eventually, a non-linear analysis is possible even with a coarse dis-
cretisation and a minimum number of elements. Note, however, that the method is rather
appropriate for application with densely reinforced structures, where reinforcement is dis-
tributed throughout. Furthermore, explicit consideration of bond stress and slip [161] is not
given since the matrix and the reinforcement are assumed to interact perfectly on the base
of the composite theory.
7.2.2 Embedded reinforcing method
In the second method, the matrix and the reinforcement can be meshed independently, with
the reinforcement elements represented as members embedded within the matrix element.
Here, the intersection points of the reinforcement bar axis and the edges of the matrix
elements are identified and thereupon used to define the nodal points or rather the length of
the reinforcement elements [9]. The two elements together allow for capturing the stiffness
of the composite material accurately [69], but again displacement compatibility between the
two components is enforced. Moreover, in comparison to the smeared representation of the
reinforcement, additional degrees of freedom are introduced, and the calculation effort is
increased [149].
7.2.3 Discrete reinforcing method
The discrete reinforcing method constitutes the third approach to modelling bond phe-
nomenologically and is simultaneously the most applicable one for the special case of bond
between concrete and reinforcing steel. Here, the reinforcement bars are represented by
one-dimensional beam or truss elements or by three-dimensional solid elements. Slip can
be accounted for and the interaction of concrete and steel is considered either by bond-link
or by bond-zone elements. In both cases, the discretisation of the model is subject to the
actual geometry and the exact locations of the reinforcement. The degrees of freedom are
again increased as compared to the analysis of plain concrete or the smeared representation
of reinforcement. In the following, bond-link and bond-zone elements are presented in more
detail.
7.2.3.1 Bond-link element method
Bond-link elements refer to spring-similar two-node elements that connect the reinforcement
elements to the matrix elements. Special attention is needed for the meshing of the model
since the connected reinforcement and matrix nodes need to occupy the same positions before
loading [149]. This may lead to restrictions and inflexibility. Bond-link elements are mostly
positioned in parallel to the reinforcement axis, such that shear forces are transferred. They
can, however, also be placed normal to the reinforcing bar axis, such that perpendicular
forces are considered as well.
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7.2.3.2 Bond-zone element method
Bond-zone or rather contact elements refer to special elements introduced at the interface
between the matrix and the reinforcement. They are implemented in most finite element
programs and constitute a finite element tool originally developed for the needs of modelling
crack propagation. They are based on the cohesive zone model (CZM) in fracture mechanics
which origins can be tracked back to Dugdale [40], Barenblatt [12], Rice [132], and others.
It views interface failure as a progressive phenomenon taking place in the so-called cohesive
zone ahead of the crack tip. It is there where cohesive forces act and undergo degradation,
allowing for a gradual separation of the adjacent crack surfaces. The model is numerically
described by means of special constitutive laws called traction-separation laws. They consider
the relationship between stress and relative displacement and are thus not an exact physical
material behaviour representation, but a phenomenological way to link the local failure
mechanisms in the process zone to the continuum deformation field [68] of the FEM.
Figure 7.1: The three fracture modes, according to [7].
7.3 INCORPORATION INTO LS-DYNA
In the following, the application of the discrete reinforcing method in the special case of bond
of reinforcement in concrete is analysed in more detail by means of its realisation possibilities
in LS-Dyna.
First, independent of the finite element solver and in the most simple of all cases, steel
reinforcement bars are represented as one-dimensional beam or truss elements, and the shared
nodes method is used. It is the oldest approach to modelling reinforced concrete and implies
perfect bond between its components, thus not considering the slip between them. It might
be a good start for the analysis of reinforced concrete but comes with an unrealistic response
especially in areas where high concrete cracking is expected to occur in reality.
In order to improve the performance of reinforced concrete member scale simulations, a num-
ber of alternative methods have been introduced into LS-Dyna. One of the first developments
comes with one-dimensional contacts, i.e. the *CONTACT 1D keyword, which allows for de-
bonding and sliding of the reinforcement nodes along the concrete element edges. Constraint
coupling is another method first implemented into LS-Dyna with the *CONSTRAINED
BEAM IN SOLID and later with the *CONSTRAINED LAGRANGE IN SOLID keyword.
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In this case, the debonding process is enabled and controlled by a pre-defined relationship
between axial force and relative displacement in the direction parallel to the rebar.
The above-described formulations quickly reach their limits when more complex represen-
tations of bond behaviour are aimed at. Even if inevitably demanding a considerable extra
effort as compared to simulations at the member scale, representing the reinforcement with
solid three-dimensional elements at the bar scale immediately allows for capturing the inter-
action between the two involved components in a more precise manner. Here, further more
advanced options are available. Tiebreak contacts, like the one used for the simplified phe-
nomenological treatment of bond in Section 5, are one of them. They satisfy the requirement
of transmitting tensile and shear forces with optional incorporation of failure criteria. They
were used in the course of the current study and were shown to provide a good first approx-
imation of the most significant features of the recorded strain signals on the rebar. They
further captured the approximate effect of the bond zone with a relatively low modelling
and calculation effort. An alternative to contact definitions are cohesive elements of small
or zero thickness. These elements are the LS-Dyna equivalent to the bond-zone elements
introduced in Section 7.2.3.2.
Cohesive elements work with special element formulations only (ELFORM=19/20) and are
sandwiched between elements of the parts they connect. In the most general case, a cohesive
element can be described as a total of three non-linear springs in the three principal direc-
tions: the normal and the two tangential directions marking the shear. The element inherent
traction-separation law connects the relative displacement between the two connected ele-
ments to a pre-described force per unit area. In order to distinguish clearly between the
main normal and the two secondary tangential directions, LS-Dyna requires the unambigu-
ous definition of the elements normal direction. This is currently achieved by the order of
nodes defining the cohesive element. If the cohesive element connects element A to element
B, the first four nodes should be shared by either element A or by element B and the last
four nodes by the other element such that the normal face of the first four nodes points
towards the element it does not share nodes by. Cohesive elements can be of small or zero
thickness without becoming unstable, and density is defined per unit volume or unit area.
As indicated above, three stress components, instead of six as for the classical constitutive























where t1 and t2 are the two tangential and t3 the normal component of interface stress, E1,
E2, and E3 are the interface stiffness values for loading in the respective directions, and δ1,
δ2, and δ3 are the respective relative displacements.
Various cohesive damage models have been proposed. One of the most common and simple
models includes a bilinear traction-separation law with a quadratic mixed mode damage
criterion that accounts for the interaction of the three fracture modes shown in Figure 7.1,
namely opening, in-plane, and out-of-plane shear. It is provided in LS-Dyna as Cohesive
Mixed Mode material model (*MAT 138) and is a model equivalent to the tiebreak contact
algorithm that was used and described in Section 5. Other available models are the Cohesive
Elastic model (*MAT 184), the Cohesive TH model (*MAT 186), the Cohesive General
(*MAT 186), and the Cohesive Mixed Mode Elastoplastic Rate model (*MAT 240). For the
simulation of bond in reinforcement, the Cohesive TH model that is based on a tri-linear
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traction-separation law can easily be calibrated upon pull-out failure curves suggested by,
e.g. the fib Model Code 2010 [51]. The friction-induced part of bond resistance is thereby
neglected, but compared to the tiebreak contact utilised in Chapter 5, the bond stress-slip
relation is already captured more precise.
7.4 PROPOSED ENHANCEMENTS
Notwithstanding the multitude of approaches to capturing the bond in finite element simu-
lations phenomenologically, the respective performance is still insufficient in many regards.
In the following, major weaknesses are presented with application to the special case of the
bond of reinforcement in concrete. With respect to the findings and conclusion of the current
study, further enhancements are proposed for dynamic loading.
7.4.1 Radial stress component
One of the most notable weaknesses in the phenomenological treatment of the bond be-
haviour between concrete and reinforcing steel is the fact that stresses perpendicular to the
rebar axis are in most cases entirely neglected or considered of low priority. This comes as a
natural and instantly obvious consequence when one-dimensional beam or truss elements are
used at the member scale. In respect of overcoming this drawback and although modelling
at the bar scale is not always feasible, contact elements appear to be the most promising
choice. They were seen to explicitly account for both normal and tangential stress compo-
nents. Nonetheless, the interaction between rebar-axis-parallel and rebar-axis-perpendicular
load transfer is not by default realised in a way that satisfies the requirements of the bond
between concrete and steel reinforcement. As mentioned above, the contact element ap-
proach has its origin in the fracture theory and its main application is the treatment of
delamination occurrence. The difference between classical delamination problems and the
bond between concrete and ribbed reinforcing steel bars lies in the fact that in the latter
case, bond is not only resulting from adhesion and friction but also or rather mainly from
mechanical interaction, such that the matrix stress state near the reinforcement is three-
dimensional, even if a pure axis-parallel load is applied to the reinforcement. In the case of
bond of reinforcement in concrete, rebar-axis-parallel displacement is expected to evoke the
introduction of loads inclined at a more or less constant angle to the longitudinal axis of the
rebar. Applied to contact elements, this suggests a coupling of rebar axis longitudinal and
radial stress components. This is not the case for Eq. 7.1 which has entries in the main
diagonal only such that radial stress components arise depending on radial displacements
only. Coupling of radial and bond stress components was undertaken in the framework of
research-oriented programs, e.g. in the work of Lowes et al. [92] who introduced a contact
element assuming a ratio of 0.8 between them. Coupling has, however, not yet found wide
application in commercial finite element programs. The consideration of the radial stress
components is nevertheless essential for capturing the splitting mode of bond failure. Fur-
thermore, multiple cracking seems to be an important aspect of failure under high loading
rates. Respective numerical evidence was provided in the course of the current study. Con-
sequently, especially if structures are planned to be investigated under dynamic loading, it
may be important to also account for the radial stresses that are being introduced into the
concrete.
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7.4.2 Consideration of brittle failure
One of the basic considerations when bond is investigated accounts for the distinction
between the two basic failure modes, namely rebar pull-out or push-in and splitting of the
concrete cover. The two different modes of failure are connected to different bond stress-slip
relationships. A contradiction is apparent, when only one traction-separation law is imple-
mented into the numerical solver. Capturing such differences in an efficient way may be
considered a second step in the procedure of enhancing the capabilities of finite element
codes.
7.4.3 Loading rate dependence
The study showed that a significant degree of loading rate dependence of the bond be-
haviour between concrete and reinforcing steel arises even without the incorporation of an
explicitly strain rate dependent material model in the case of models developed at the rib
scale. However, results achieved with the simplified model at the bar scale showed no load-
ing rate dependent character. This findings support the need for a loading rate dependence
incorporated in the phenomenological treatment of bond at both the bar and the member
scale.
The scheme by which the dependence of the bond behaviour on the loading rate should be
incorporated in numerical phenomenological models is a topic on which research should be
undertaken in the future. In Section 6, it was mentioned that in the special case of bond
the loading rate is usually defined as bond stress rate or slip rate. The most straightforward
method would thus be to adjust the bond resistance depending on these values. This may,
however, be somewhat problematic from the standpoint that bond stress and slip rates are not
by default numerical output quantities. The size of the database incorporating experimental
results on bond strength depending on the bond stress and slip rate is furthermore rather
limited in comparison to the respective results that were achieved for concrete and depend
on the strain rate. An enhancement of the traction-separation law calculated on the base
of the concrete strain rate near the rebar consequently emerges as an alternative option. In
this context, further reflection should be given to the approximate relation between concrete
strain rate and bond strength increase. For a discussion on this topic as well as the reverse
process of deriving a concrete strain rate that is equivalent to a given bond stress or slip
rate, see Michal [106].
7.5 CONCLUSION
Review of the available literature on the bond between concrete and reinforcing steel reveals
that considerable effort has been undertaken to capture the behaviour between them phe-
nomenologically by means of bond stress-slip relationships [127, 104, 67, 51]. Compared to
this, the effort undertaken to successfully incorporate these bond stress-slip relationships into
finite element solvers is little. Even though there are some approaches to modelling bond
phenomenologically, they do not satisfy the specific requirements of bond of reinforcement
in concrete. To enhance the performance of respective non-linear finite element simulations,
further investigations and developments are necessary. This applies especially in the case
of dynamic loading where radial stress components, splitting of the concrete cover, and re-





A numerical view of the bond of reinforcement in concrete was provided. The aim was to
provide a better understanding of the phenomenon known as the strain rate or rather loading
rate effect, which comes with a strength or rather resistance enhancement under dynamic
loading as compared to static conditions. A detailed numerical model at the rib scale was
developed. With its use, the loading rate dependent behaviour of bond was investigated
with the main focus lying on structural and inertia effects. Material effects were of rather
secondary interest. The simulations were complemented by experimental studies and were
used as a tool to establish a sound relationship between cause and effect.
In order to assess the quality, credibility, and the limitations of the developed model, a
series of numerical case studies were conducted, first. With the model at the rib scale, bond
was predominately controlled by mechanical interaction. This was achieved by modelling in
detail in 3-D, with explicit consideration of the geometry of the rebar ribs and the concrete
keys in between. The numerical data were compared to available experimental signals,
and good agreement was found. Insights into the local specimen state were given. To
support the experimental investigations, additional models were developed and helped design
and optimise the final experimental set-up. Analytical considerations on the base of wave
propagation were used to validate the numerical results and support the recommendations.
Further examinations were undertaken and highlighted differences between the pull-out and
the push-in mode of bond loading.
In the second step, with a solid base for analysis created, numerical parametric studies were
performed. The core question of whether and which dependence exists between the overall
bond behaviour and the rate of applied loading was examined. Bond resistance enhancements
were achieved both with and without the use of strain rate dependent concrete constitutive
models. Further loading rate dependent characteristics were identified. They included the
bond stiffness, the energy absorption capacity, and the distribution of damage inside the
specimen.
Additional numerical parametric studies pursued the identification of relevant influences from
which conclusions on the origin of the loading rate effect could be derived. The investiga-
tions focused on the influence of the concrete compressive strength class and inertia-induced
confinement. The latter is one of the most frequently discussed and debated explanations
given for the strain rate effect of concrete and brittle materials in general. Changes in the
concrete material model calibration were undertaken. Depending on the input, strengthen-
ing or weakening of the involved effects and thus an increase or decrease of the achieved
dynamic increase factors was found. Concrete inhomogeneity was also investigated since it
holds as a very likely explanation for loading rate sensitivity differences between different
concrete compressive strength classes.
The findings and conclusions of the study were used to review currently available methods
of incorporating bond in large-scale finite element simulations at the bar and member scale.




The findings of the finite element analysis on the bond of reinforcement in concrete under
high loading rates align with experimental results on the strain rate or rather loading rate
effect. They indicate a clear tendency for the resistance of bond increasing with increasing
loading rates. Since simulations were almost throughout run with strain rate independent
material formulations, and dynamic increase factors were found in the range suggested by
the experiments, strong evidence is presented that apart from the material aspect of the
phenomenon, structural and inertia effects are also strongly involved.
The search for influences which the extent of the loading rate effect depends on identified
hydrostatic pressure stress and inertia confinement as decisive. Although not an intrinsic
material property, it was shown that the effect of inertia confinement could be enhanced or
reduced by specific aspects of the material model operation mode that favour or disadvan-
tage hydrostatic loading of the concrete keys below the steel ribs under high loading rates.
The effect of inertia confinement on the dynamic response of bond specimens can easily be
transferred to plain concrete testing and thus the strain rate effect. One cause for strength or
rather resistance enhancements that applies specifically to reinforced concrete was identified
as the discrepancy in the wave propagation velocity between concrete and steel. The load
was faster transferred through steel than it could be distributed inside the concrete volume.
Multiple cracking was the result and was increasingly observed the higher the loading rates
got. Initiating new cracks needs more energy than growing the old ones, and indeed, in the
dynamic case, concrete was found to be supplied with energy which was more than sufficient
to lead to bond failure in the static case.
The numerical case studies were used to develop the base for the numerical parametric
studies. They illustrated the need to differentiate between static and dynamic evaluation
methods since the support reaction force, which is commonly used for evaluation under static
conditions, is overlaid by inertia force components when static equilibrium of forces does not
hold anymore. Guidelines for optimising experimental set-up designs were also developed. It
was shown how measured signals are influenced by the propagation, reflection, and superpos-
ition of waves in the system. The dimensioning of the involved parts and the arrangement of
the boundaries of the system, as well as the bond zone itself, were shown to determine the
information content of the measured signals decisively. Apart from that, the results showed
that a mutual influence exists between the bond stress-slip relationship and the experimental
set-up. It might not be very pronounced, but strong enough to lead to misleading conclusions
when it comes to evaluating the effect rather weak influence quantities, which nevertheless
necessitate a change in the experimental set-up, have. This issue was exemplified by the
comparison between the push-in and the pull-out mode of bond loading. Another finding
arose here and suggests that apart from the Poisson’s effect, the volume of the concrete
affected by the activated compression cones under the steel ribs might also be decisive.
The evaluation of concrete damage indicated the generally too advanced formation of cracks.
This limits the study to the analysis of bond in the splitting and splitting-induced pull-out
or rather push-in failure mode. After a review of the drawbacks of the material formulations
that were used, element erosion was inserted to the code with the aim to counteract the
drawbacks and widen the applicability of the model to pure pull-out or push-in failure. It
was, however, shown that element erosion is not appropriate when it comes to evaluating




Experimental research demonstrated that a difference exists in the extent to which different
bond failure modes are sensitive to high loading rates [124, 152]. Currently, there is no
concrete constitutive model that is universally applicable and efficient under any loading
conditions and modelling scales. This applies to the highly demanding rib scale models
in particular. With some limitations, the chosen concrete material model showed good
performance. Modifying its pre- and post-failure behaviour due to shear and tension could be
a first approach towards improvements and providing a numerical view of the issue presented
above as well as its underlying causes. Approaching the goal with an alternative finite
element program is another option. In any case, element erosion should not be used since it
does not only violate basic numerical conservation standards but was also found particularly
inappropriate in the case different loading rates are considered.
Concrete inhomogeneity is acknowledged as a very probable explanation for concrete strength
class related differences in the loading rate sensitivity. In the case of the developed rib scale
bond model and with concrete inhomogeneity implemented into the code with the use of
random distribution fields, no respective correlation was found. Thus still uncertainty exists
about the reasons why high-strength concrete achieves lower strength enhancements than low
and normal-strength concrete. Since high-strength concrete also distinguishes itself through
generally smaller aggregates, a starting point for the further investigation of this issue could
be a potential link between cracks increasingly propagating directly through the aggregates
in the case of dynamic loading and aggregate size.
The interplay of numerical methods and analytical considerations can help optimise the
experimental set-up design. In view of the slight but existent mutual influence that was
found between the bond stress-slip relationship and the experimental set-up, and as a gen-
eral guideline, the boundaries waves could encounter when propagating through the system
should be reduced to a minimum. It should be reassured in advance that the wave reflec-
tions and superpositions do not complicate the bond stress evaluation significantly. It is
further important to adapt the evaluation method such that inertia force components are
not included in the signal from which the bond stress is calculated. A method based on
strain gauge signals positioned on the rebar surface was proposed in this work. Note also
that, based on the simulations taking concrete inhomogeneity into account, a larger number
of executions is necessary to provide an adequate statistical basis for results achieved under
dynamic as compared to static loading.
A review of the currently available methods for incorporating bond into large-scale simu-
lations of structures or components of structures revealed that comparably little effort has
been undertaken in this field so far. At least in areas where high concrete cracking is ex-
pected, bond modelling at the bar scale is highly recommended. It is thereby important
to establish a coupling of bond stress and radial stress, as was already occasionally done in
the literature [92]. A first approach to account for the increase of resistance under dynamic
loading could involve the introduction of a loading rate dependent multiplier for empirically
determined and numerically implemented bond stress-slip relationships.
With respect to the overarching objective of enhancing the performance of reinforced concrete
structures under dynamic loading, further investigations and developments are necessary in
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anstalt Karlsruhe. Karlsruher Institut für Technologie, 2015.
[9] Bakeer, T. T. Collapse analysis of masonry structures under earthquake actions.
Dissertation, Technische Universität Dresden, 2009.
[10] Baltay, P., and Gjelsvik, A. Coefficient of friction for steel on concrete at high
normal stress. Journal of Materials in Civil Engineering 2, 1 (1990), 46–49.
[11] Bancroft, D. The Velocity of Longitudinal Waves in Cylindrical Bars. Physical
Review 59, 7 (1941), 588.
[12] Barenblatt, G. I. The mathematical theory of equilibrium cracks in brittle fracture.
Advances in Applied Mechanics 7 (1962), 55–129.
[13] Bathe, K. J. Finite Element Procedures. Prentice Hall, 2006.
[14] Beppu, M., Miwa, K., Itoh, M., Katayama, M., and Ohno, T. Damage
evaluation of concrete plates by high-velocity impact. International Journal of Impact
Engineering 35, 12 (2008), 1419–1426.
[15] Bischoff, P. H., and Perry, S. H. Compressive behaviour of concrete at high
strain rates. Materials and structures 24, 6 (1991), 425–450.
[16] Brace, W. F., and Jones, A. H. Comparison of uniaxial deformation in shock and
static loading of three rocks. Journal of Geophysical Research 76, 20 (1971), 4913–4921.
157
BIBLIOGRAPHY
[17] Broadhouse, B. J., and Neilson, A. J. Modelling reinforced concrete structures
in DYNA3D. Tech. rep., United Kingdom Atomic Energy Establishment UKAEA,
Safety & Engineering Science Division, 1987.
[18] Brown, C. J., Darwin, D., and McCabe, S. L. Finite element fracture analysis
of steel-concrete bond. Tech. rep., University of Kansas Center for Research, Inc.,
1993.
[19] Burlion, N., Pijaudier-Cabot, G., Gatuingt, F., and Dahan, N. Concrete
under high compaction: a new experimental method. In Third Conference on Frac-
ture Mechanics of Concrete Structures FRAMCOS-3, AEDIFICATIO Pub., Freiburg-
Germany (1998), pp. 605–614.
[20] Cadoni, E., Albertini, C., and Solomos, G. Analysis of the concrete behaviour
in tension at high strain-rate by a modified Hopkinson bar in support of impact resist-
ant structural design. In Journal de Physique IV (Proceedings) (2006), vol. 134, EDP
sciences, pp. 647–652.
[21] Campbell, J. D., and Lewis, J. L. The Development and Use of a Torsional
Split Hopkinson Bar for Testing Materials at Shear Strain Rates up to 15000 sec−1.
University of Oxford, 1969.
[22] Chen, W.-F. Plasticity in reinforced concrete. McGraw-Hill, New York, 1982.
[23] Chen, W. W., and Song, B. Split Hopkinson (Kolsky) Bar: Design, Testing and
Applications. Springer US, New York, 2011.
[24] Chree, C. The Equations of an Isotropic Elastic Solid in Polar and Cylindrical Co-
ordinates their Solution and Application. Transactions of the Cambridge Philosophical
Society 14 (1889), 250.
[25] Clough, R. W., and Wilson, E. L. Early finite element research at Berkeley. In
Fifth US National Conference on Computational Mechanics (1999), pp. 1–35.
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159
BIBLIOGRAPHY
[52] Fingerloos, F., Hegger, J., and Zilch, K. Eurocode 2 für Deutschland: DIN
EN 1992-1-1 Bemessung und Konstruktion von Stahlbeton-und Spannbetontragwerken
– Teil 1-1: Allgemeine Bemessungsregeln und Regeln für den Hochbau mit Nationalem
Anhang Kommentierte Fassung. Beuth Verlag, 2012.
[53] Frosch, R. J. Another look at cracking and crack control in reinforced concrete.
Structural Journal 96, 3 (1999), 437–442.
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